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This t h e s i s comprises of f ive chapte rs . In the f i r s t chapter, 
a de ta i l ed and uptodate l i t e r a t u r e of the subject has been reviewed. 
A rapid development in nuclear energy, hydrometallurgy of ra re 
elements, water pu r i f i ca t ion e t c . has enforced to find and synthe-
s ize new highly s e l e c t i v e ion-exchange mate r ia l s which are r e s i s -
t an t to chemicals, temperature changes and r a d i a t i o n . The two-
component inorganic ion-exchangers have been much studied and the 
ion-exchange capac i t i e s are comparative low, in most cases, to 
those of three-component inorganic ion-exchangers. Sometimes 
they show s u p e r i o r i t y over two-component exchangers as they are 
more s e l ec t i ve in na tu re . The use of various inorganic ion-
exchangers s t i l l commands a t t e n t i o n but few have been commercia-
l i zed espec ia l ly in HPLC p a r t i c l e s i z e s . The inorganic ion-
exchangers have been u t i l i z e d for some important ana ly t i ca l 
separat ion of metal ions using pharmaceutical substance, b iological 
samples and environmental po l l u t an t s e t c . A number of ion-selectiv? 
e lec t rodes have been prepared in which the ion-exchange mater ia ls 
are impregnated in to polymeric i n e r t matr ices which serve as 
i on - se l ec t i ve membrane. 
In the second c h a p t e r , ' a new three-component ion-exchange 
mate r i a l , zirconiura(IV) selenophosphate, has been synthesized by 
adding a mixture which i s 0.05 M in sodium s e l e n i t e and 0.05 M in 
- 1 1 -
orthophosphoric acid to a 0.05 M solut ion of zirconium(IV) 
b i s ( n i t r a t e ) oxide in d i f fe ren t volume r a t i o s at pH 1 . ' I t s 
ion-exchange capaci ty , thermal and chemical s t a b i l i t y have been 
studied.^ The pPI t i t r a t i o n curves show i t s monofunctional beha-
viour . The chemical composition of the mater ia l su^^ests that 
the mole r a t io -o f Zr, Se and P i s to be 5 .06 :? .0 :4 .05 . The 
capacity of t h i s mater ia l decreases with the increase of drying 
temperature. 'A comparison of ion-exchange p roper t i es of 
zirconium(IV) selenophosphate has also been made with some other 
ion-exchangers. Adsorption of some of the metal ions in d i f ferent 
so lu t ion systems has been s tud ied . The Z. values of the metal 
ions are increasing with the increase of the p a r t i c l e s ize of the 
exchanger. The ana ly t i c a l importance of zirconium(IV) seleno-
phosphate has been demonstrated by achieving eleven quaternary 
separat ion of metal ions . 
In the t h i r d chapter , a t h e o r e t i c a l approach of increased 
ion-exGh;mge capacity of three-component inorganic ion-exchangers 
has been discussed. In most of the cases , i t i s found tha t the 
ion-exchange capaci ty of two-component ion-exchangers are smaller 
as compared to those of three-component ion-exchangers. I t s 
increased ion-exchange capacity has been" explained in terms of 
{±) three-dimensional skeleton comprising three d i f fe ren t elements, 
( i i ) pK values of acid anionic groun incorporated in to the l a t t i c e 
- I l l -
s t ruc tu r e and ( i i i ) pH t i t r a t i o n . 
?ourth chapter of t h i s t h e s i s descr ibes the preparat ion 
and p roper t i e s of zirconium(lV) iodomolybdate, a three-component 
inorganic ion-exchanger. Zirconiura(lV) iodomolybdate has been 
prepared by adding 0.10 .M aqueous so lu t ion of ammonium molybdate 
and O.IOM aqueous so lu t ion of sodium iodate to 0.10 M aqueous 
so lu t ion of zirconium(IV) b i s ( n i t r a t e ) oxide in d i f fe ren t volume 
r a t i o s at pH 1. I t s ion-exchange capacity i s found to be 1.54 
meq/g dry exchanger. pH t i t r a t i o n curve shows one in f l ec t ion 
point tha t suggests i t s monofunctional behaviour. I t s chemical 
and thermal s t a b i l i t y has also been s tudied . The mater ia l i s 
f a i r l y s t ab le in lower concentrat ions of the mineral ac ids . The 
ion-exchange capaci ty decreases with the increase of the drying 
temperature of the ma te r i a l . On the bas i s of chemical composition, 
pH t i t r a t i o n curve and therraogravimetric ana lys i s , a t e n t a t i v e 
formula for t h i s mater ia l i s suggested. 
[(ZrO)^ (OH) (10^) (HMoO^)4]^.5.8nIl20 
The l a s t chapter descr ibes the sorpt ion behaviour of some of 
the metal ions on zirconium(IV) iodomolybdate ion-exchanger. The 
K, values of the metal ions in var ious concentrat ions of formic 
acid have been determined. I t i s found tha t Hg i s s t rongly 
adsorbed on the exchanger. This i s due to the formation of 
- XV -
c o o r d i n a t e l y s a t u r a t e d meta l complex ion in formic ac id concen-
t r a t i o n range of 0 . 1 0 - 0 . 2 0 M. K^ va lue s of UO^" ,^ La^"*", Pe^ "*" 
and Th a r e d e c r e a s i n g as t h e c o n c e n t r a t i o n of formic ac id 
i n c r e a s e s . On t h e b a s i s of K, s t u d i e s , Hg has been q u a n t i t a -
t i v e l y s e p a r a t e d from v a r i o u s meta l i ons on a smal l ion-exchange 
column of z i rconium(IV) iodomolybdate . Success fu l s e p a r a t i o n of 
2+ 2+ 2+ 2 + 
Hg from t h e b i n a r y systems a r e as f o l l o w s : Hg from Cu , Ni , 
Zn^"^, Th'^ "^, Gd^" ,^ VO^" ,^ Ba^"^, Mg^" ,^ Mn^ "^  and Fe^"^. 
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CHAPTER - I 
I N T R O D U C T I O N 
1 
INTKODUCTION 
Analytical Chemistry is the branch of Chemistry dealing 
with the separation and analysis of chemical substances. 
Traditionally, analysis has been concerned largely with chemical 
composition, but it is coming more and more to include the deter-
mination of chemical structure and the measurement of physical 
properties. The two important steps in analysis are identifi-
cation and estimation of constituents of a compound. There are 
many methods which have been used to obtain and identify the 
substances in the high state of purity. Besides chemical methods 
like fractional precipitation, distillation and crystallisation 
have been extensively used for separation and purification of 
the chemical compounds. However, chromatography plays a very 
important and significant role in solving all such problems. 
The complicated separations can be achieved by this method. The 
chromatography is so fruitful and common that this method can be 
applied in almost every type of compound and fields. The term 
chromatography is applied to a variety of methods which are 
similar to other methods, in many respects, but differ greatly 
in the principles on which they are based. Amongst all the 
chromatographic techniques, ion-exchange chromatography is 
2 
considered to be very versatile method and is particularly 
helpful in the separation of ions of similar properties. The 
separation in this case is effective because of the differences 
in the sorbabilities of ionic species but the basic principle 
remains the same as in other chromatographic techniques. It 
has proved to be an excellent tool for solving many complicated 
problems in the field of biological, organic and inorganic 
chemistry. The method is considered to be a standard method 
in biochemical research and industry. In the biological field, 
a versatile achievement has been made regarding the separation 
of hydrolysed products of nucleic acid. 
Ion-exchange has an interesting history. Thorough investi-
gators have shunned no efforts to discover ancient references. 
The English agricxilturist and entreprenuer Thompson (1) was the 
first to observe and to publish descriptions of the phenomenon 
of ion-exchange. He found that the ammonium sulfate was converted 
to calcium sulfate. However, it was Way (2), consulting chemist 
to the Royal Agricultural Society, to whom Thompson had disclosed 
his findings two years earlier, who thoroughly explored the 
phenomenon and demonstrated the underlying mechanism to be one 
of the. ion-exchange involving the complex silicates present in 
the soil. As visualized by Way the process observed by Thomoson 
could be formulated 
Ca-Soil 4- NH.SO, ^ NH^-Soil + GaSO^. 
3 
The f i r s t attempt to employ ion-exchange for commercial 
purposes was made by Harm (3) in 1896. He successful ly 
removed sodium and potassium ions from sugar beat ju ice by 
u t i l i z i n g a n a t u r a l l y occurring cat ion exchan^je s i l i c a t e 
ma te r i a l . La te r on, l a r g e - s c a l e appl ica t ions of cation exchange 
phenomenon were developed by Gans (4) on inorganic mater ia ls such 
as sodium a luminos i l i ca te , NapAlpSi^O^Q, which were synthesized 
by him. Gans successful ly applied syn the t i c inorganic cation 
exchanger to water softening and sugar treatment on technological 
scale and there fore , replacing to some extent the na tu ra l ly 
occurring exchangers such as z e o l i t e s . 
A spectacular evolut ion began in 1935 with the discovery 
by the two English chemists, Adams and Holms (5 ) , tha t crushed 
phonograph records exhibit ion-exchange p r o p e r t i e s . The study 
of t h i s remarkable effect led the inventors to the synthesis 
of organic ion-exchange r e s i n s . 
The commercial production and improvement of syn the t ic 
res in by Holms and Parbenindust r ie soon followed. The r e a l l y 
modem era in ion-exchange technology began in 1944 when D'Alelio 
of the German E l e c t r i c Company's P i t t s f i e l d l abo ra to r i e s synthe-
sized r e s in s from polystyrene ( 6 ) . These r e s i n s were the 
forerunners of the current ly ava i l ab le l i n e of polystyrene 
r e s i n s which, compared to the e a r l i e r r e s i n s , possess g rea t ly 
improved capacity and chemical and mechanical s t a b i l i t y . 
4 
Emulsion polymerization of swollen styrene and divinylbenzene 
followed by sulfonation yields strong polystyrene polysulfo-
nates resin with "adjustable" cross-linking. Copolyraerization 
of methacrylic acid with divinylbenzene results in a weak cation 
exchange resin of lesser acid strength and high capacity. Ghlo-
romethylation and ammination produce strongly basic quaternary 
ammonium type anion exchange resins. 
The fundamental principles underlying all ion-exchange 
applications are based on a few simple facts involving the 
exchange reactions. 
1. Equivalence of exchange. 
2. S e l e c t i v i t y or a f f i n i t y preferences of the exchanger for 
one ion r e l a t i v e to another, including cases in which the 
d i f ferent a f f i n i t i e s of the ions are modified by the use 
of Gomplexing or chelat ing agents . 
3. Donnan exclusion—the a b i l i t y of the r e s in to exclude ions 
but not , in genera l , i indissociated substances . 
4. Differences in migration r a t e s of absorbed substances down 
a column pr imari ly a r e f l e c t i o n of differences in a f f i n i t y . 
5. Ionic mobil i ty r e s t r i c t e d to the exchangeable ions and 
counter ions only. 
6. Miscellaneous - swel l ing, surface area and other mechanical 
p rope r t i e s . 
During the l a s t 20-30 years the inorganic ion-exchangers 
have firmO-y occupied t h e i r own pos i t ion among the ion-exchange 
5 
m a t e r i a l s . A rapid development in nuclear energy, hydroraeta-
l lu rgy of r a re elements, preparat ion of high pur i ty mate r ia l s , 
water pu r i f i ca t i on e t c . , has enforced attempts to find and 
synthesize new, highly s e l e c t i v e ion-exchange mate r ia l s r e s i s -
tan t to chemicals, temperature changes and r ad i a t i on , and of 
more convenient p roper t i e s than commercial organic or na tu ra l 
inorganic ( s o i l s , clay minerals e t c . ) ion-exchangers. 
Kraus et a l . (7,8) at Oak Ridge National Laboratory and 
Amphlett (9,10) in the United Kingdom did the excel lent work 
on these mate r ia l s at the i n i t i a l s t ages . The work upto 1963 
has been summarized by Amphlett (11) in h i s book "Inorganic 
Ion Exchangers". The l a t t e r work upto 1970 has been condensed 
by Pekarek and Vesley (12) . Clear f ie ld (13 ,14) , Alber t i (15 ,16) , 
Walton (17-20) , Vol'Khim (21) and Gi l l (22) have also worked on 
di f ferent aspects of syn the t i c inorganic ion-exchangers. In 
India Qureshi and coworkers have prepared a l a rge number of 
such inorganic mate r ia l s and studied t h e i r ion-exchange behaviour 
during the l a s t f i f t een years . 
A la rge number of syn the t i c inorganic substances has been 
described which exhib i t ion-exchange p r o p e r t i e s . These mater ia ls 
may be divided in to the following main groups. 
1. Hydrous oxides 
2. Acidic s a l t s of miil t ivalent metals 
3. Sa l t s of heteropolyacids 
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4. Insoluble ferrocyanides 
5. Synthetic aluminosilicates 
6. Certain other substances, e.g., synthetic apatites, sulfides, 
alkaline earth sulfates. 
A large number of papers dealing with ion-exchange properties 
of these substances has been published. A wide range of obser-
vations on ion exchange sorption by hydrous oxides*can be inter-
preted on the basis of reversible ion-exchange equilibria, althoug 
it is not always clear from the early work whether sorption 
involves the bulk of the solid or only the surface; although 
this can be simply resolved by measuring the saturation capacity 
per unit mass as a function of surface area, such measurements 
were rarely carried out. Freshly precipitated trivalent metal 
oxides are very effective in this respect, e.g., hydrous ferric 
oxide and ferric hydroxide readily absorb alkaline earth cations 
according to the law of mass action (23,24), other bivalent 
cations (25) being absorbed above pH 7. 
An inorganic ion-exchanger of cryptomer type, i.e, the 
hydrous manganese dioxide with rather unusual selectivity 
sequence for alkali metals has been described by Tsuji (26). 
The pH titration curves of hydrous manganese dioxide showed a 
dibasic BrjBnsted acid towards Li"*", Na"*", K+ and Rb-"- ions instead 
of an amphoteric character (27). A comprehensive study of the 
preparation of hydrous tin(IV) oxide ion-exchangers has been 
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m ade by using 8 systems (a) Na2[Sn(OH)g]-H2SO^, (b) Na2[Sn(0H)g]-
H2SO4 (boiling), (c) Na2[Sn(0H)g]-HCl, (d) Na2[3n(0H)g]-CH^C00H, 
(e) SnCl.-NaOH, (f) SnCl.-NH, aqueous, (g), SnGl^-NH^ aqueous 
(boiling) and SnCl.-prohydrolysis. from a detailed examination 
of dependency of the yield, the ion-exchange behaviour toward 
Na"*" and Gl", it is found that the ion-exchange characteristics 
are similar among materials produced from the above systems 
i.e, from a to g, if some ageing effect of boiling is neglected. 
The materials obtained from the (h) system, however, shows 
titration curves different from those for the exchange obtained 
from other systems and has less cation exchange capacity for 
Na"^  by 20% (28). To elucidate the properties of hydrous tin(IV) 
oxide as a cation exchanger, Inoue and coworkers (29) have 
studied the stoichiometry of cation exchange and its acid-base 
properties by determining the uptake curves for alkali metal 
ions. To understand the ion-exchange mechanism of tin(IV) oxide, 
Inoue and coworkers (30) have studied the isotopic exchange rate 
of sodium ions between the hydrous tin(IV) oxide in the Na form 
and aqueous solutions of sodium salt. Tsuji and coworkers (31) 
have given an account of the ion-exchange behaviour of alkali 
hydroxide and alkyl amines having different sizes and forms on 
hydrous Ti02 ion-exchanger. The pH titration curves vary, 
depending upon the cation species and the strength of the bases 
used. Amorphous hydrous titanium(IV) oxide behaves as a 
bifunctional acid towards strong bases and as a monofunctional 
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acid- towards weak bases. Takenaka and coworkers (32) have 
studied the adsorption of arsenate ions on hydrous titanium(r/) 
oxide in aqueous solution. 
Mixed oxides can "be prepared in which a second cation of 
higher charge than the parent cation is introduced into the 
structure, the resulting net positive charge being balanced by 
the presence of anions other thcin oxide and hydroxide; many of 
these are found to exchange the balancing anions reversibly 
(33). Examples of such materials include Zn(0H)2 in which Zn 
is partly replaced by Al^ "*" and Al(OH)^ containing Si"^"*", Ti^ "*" 
or Zr , the general formulae bieng Zn-|^ __^ A1^ (0H)2X^  and 
A1-, M"'"^ (OH),X , where M is a tetravalent cation and X" a 
monovalent anion. Trivedi and coworkers (34) have synthesized 
thorium mixed oxide exchangers. The materials are in the ratios 
(Bi : Th, 9:1, 1:1, 1:9; Al : Th , 9:1; Gr : Th, 9:1) and are 
characterized by determining moisture content, ion-exchange 
capacity,exchange rates and anion and cation distribution ratios 
etc. Anion exchange capacity of Bi : Th oxides decreases as 
Bi : Th ratio increases. Mixed oxides containing Al or Or have 
lower anion exchange capacities than the mixed oxides of Bi : Th 
of the same ratio. 
In principle the quadrivalent metal oxides may behave either 
as cation or anion exchangers, depending upon the basicity of 
the central atom and the strength of the metal-oxygen bond 
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relative to that of the oxygen-hydrogen bond in the hydroxyl 
group. It is still not clear which of the following mechanisms 
best represents the situation. 
M-OH ^ = ^ M"** + OH" (a) 
M-OH ^ - ^ M-O' + H"^  (b) 
(M represents the central atom) 
Scheme (a) is favoured by acid conditions, when the substance 
can function as an anion-exchanger, and scheme (b) by alkaline 
conditions, when the substance can function as a cation-exchanger. 
Near the isoelectric point of the oxide (35) dissociation accor-
ding to both schemes can take place and both types of exchange 
may occur simultaneously. 
Little attention has been given to other hydrous oxides of 
-quinque and sexi-valent metals. Hydrous VpOj- (36) in mixture 
with hydrous zirconia absorbs K"^ , Na"^ , Ba^ "^ , Ca^ "^ , Mg^ "^ , Cd^ "^ , 
Fe^'^, Go^ "^ , Ni^"^, Pb^ "*", Zn^ "^ , Cu^ "*" and Ag"^ . Its total exchange 
capacity is between 1.42 and 1.95 meq/g depending on the V content 
of the mixture and its capacity is reduced when it is theimally 
treated. A comprehensive study of preparing the hydrous 
niobium(V) oxide ion-exchanger has been reported (37). The 
exchanger thus prepared is a semitransparent, amorphous solid 
and hard enough to be used for column operation with cation 
exchange capacity of 2.3 mmole Na"^  g"^ (at pH 10). It possesses 
19 
at least two kinds of weakly dissociable ion-exchange sites. , 
In order to elucidate the fundamental properties of hydrous 
niobium(V) oxide as a cation exchanger, the stoichiometry of 
cation exchange and the selectivity for various cations have 
been studied (38). The affinity series for alkali metal ions 
and alkaline earth metal ions are Gs >> K j^Li and 3a ^ Sr ^ 
Qa \ Mg respectively, the values decreases.in the order 
of the increase in the hydrated ionic radii of the cations. 
For transition metal ions, the distribution coefficients have 
a strong correlation with the first hydrolysis constants of 
cations and/or the first stability constants of their acetato 
complexes. Based on this finding, the transition metal ions 
are considered to be adsorbed on the exchanger by a bond 
particularly covalent in character, rather than by a pure ionic 
bond. The effect of heat treatment in air have been studied 
regarding the properties of a hydrous niobium(V) oxide ion 
exchanger in H form (39). The exchanger began to crystallize 
into Y-Pbase at a temperature between 450 to 500°C where the 
capacity disappeard. The y-P^ase transformed to a-phase at a 
temperature above 800°G. Abe and Ito (40) have reported that 
the niobium(V) oxide exchanger exhibited only a cation exchange 
property, but other workers (41-44) have shown its anion exchange 
property and is selective for Cr2o|~, paramolybdate, tungstate 
and ferrocyanide. Hydrous Ta205 is a cation exchanger (40,45,46) 
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su i t ab le for the p u r i f i c a t i o n of nuclear r e a c t o r cooling-waters 
at high temperatures upto 300°G. The hydrous oxides of Mo(VI) 
and W(VI) act as cation (4-0) or anion exchangers in mixtures 
with bas ic hydrous oxides (47) . 
A wide range of compo\inds of ac id ic s a l t s of mult ivalent 
metsils has been described as ion-exchangers . Among the metals 
s tudied have been zirconium, thorium, t i tan ium, cerium(IV), 
t i n ( I V ) , aluminium, i r o n ( I I I ) , chromium(III), uranium(Vl) e t c . 
and the anions employed include phosphate, a r sena te , antimonate, 
vanadate, molybdate, t ungs t a t e , t e l l u r a t e , s i l i c a t e , oxala te , 
s e l e n i t e e t c . These s a l t s , act ing mostly as cation exchangers, 
are gel l i k e or mic roc rys t a l l i ne ma te r i a l s , with the composition 
and propoer t ies depending ut)on the method of tireTDaration and 
possess mostly a high chemical, temperature and rad ia t ion 
s t a b i l i t y (11 ,35 ,48) . The ca t ion exchange p roper t i e s a r i s e 
from the presence of r ead i ly exchangeable hydrogen ions, asso-
ciated with the anionic groups present in the s a l t s . Some of 
these mate r ia l s also exhib i t e lec t ron exchange p rope r t i e s . 
The ac id ic s a l t s of quadrivaJ-ent metals have been the most 
in tens ive ly s tudied group of syn the t i c inorganic ion-exchangers. 
Most of the work to date has been concerned with zirconium 
phosphate exchangers. The e a r l i e r s tud ie s of zirconium phosphates 
are mostly concerned with the amorphous mate r ia l s (11,35,48,49) . 
The recent i n t e r e s t has been pr imar i ly in the semicrys ta l l ine 
12 
and crystalline forms of zirconium phosphate. 
The preparation of gelatinous amorphous sorbents is carried 
out by the usual mixing of zirconium salt solutions with phos-
phoric acid at room temperature. According' to the preparation 
conditions, materials with P/Zr ratios of 0.5-2.1 are formed 
(11,50-56). A granular material is prepared by freezing the 
gels at upto -22°C (57,58). Tre preparation of zirconium 
phosphate ion-exchanger with reproducible quality regardless 
of the starting material has been described by Benderskaya (59). 
This ion-exchanger has superior sorption capacity for Fe and 
Pb ions and having most reproducible structure. The 0T5timal 
structure is obtained by allowing Zr polymerization and by 
treating with an alkaline solution. Thermal treatment of 
amorphous materials with phosphoric acid (60-62) or refluxing 
them with^2.5M phosphoric acid (11,13,61-64) leads to the 
formation of semicrystalline or crystalline forms respectively. 
The well developed crystalline phase of the so-called a-zirconium 
phosphate is prepared, corresponds to the formula Zr(HPO.)2»H20. 
A p-phase and y-P^ a^se, corresponding to Zr(HP0-^)2 and 
Zr(HPO.)2.2H20 respectively, are prepared by refluxing the 
solutions of ZrOGl2 with NaH2P0. in 3M hydrochloric acid. Drying 
over anhydrous CaSO. leads to the formation of p-zirconium 
phosphate, air dried products correspond to y-zi^conium phosphate 
(65). Zirconium bis(monohydrogen phosphate) monohydrate has been 
13 
synthesized from homogeneous so lu t ion using z i rcon ia f i b r e s . I t 
i s semigranular mater ia l and i s highly c r y s t a l l i n e (66) . Table 1 
comprises a de t a i l ed accoimts of synthesis and p roper t i es of 
two-component inorganic ion-exchangers. 
Clear f ie ld and other (67-70) have t r i e d to solve the 
s t r u c t u r e of a-zirconium phosphate. Clear f ie ld and Smith (71,72) 
have presented a three-dimensional s t r uc tu r e of s ing le c rys ta l 
Zr(HPO. )p.H20. The c r y s t a l s are monoclinic, space group P2-,/G, 
with ce l l dimensions a = 9.06 + 0.003 A°, b = 5.298 + 0.006 A°, 
G = 16.22 + 0 . 0 2 A° and p = 111.5 + 0 .1 ° . The s t r u c t u r e i s 
layered one, each l aye r cons is t ing of planes of zirconium atoms 
bridged through phosphate groups which a l t e r n a t e above and below 
the metal atom p lanes . Each phosphate group bonds to three 
d i f fe ren t zirconium atoms producing octahedral coordination 
about the zirconium atoms. The Zr-0 bond d i s tances range from 
2.04 to 2.11 A^. The fourth phosphate oxygen bears the hydrogen 
and points toward an adjacent l a y e r . The l aye r s are arranged 
r e l a t i v e to each other in such a way as to form z e o l i t i c type 
c a v i t i e s . A water molecule r e s ides in the centre of each cavity 
and i s hydrogen bonded to phosphate groups. 
Stelko and coworkers (254) have studied the proton NMR 
spect ra of zirconium phosphate in hydrogen and in s a l t (Li, Na, 
K, Cs) forms. They indicated the di f ferences in the chemical 
p roper t i e s and the complex d i s t r i b u t i o n of hydroxyl groups in 
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the ion-exchanger lattice. Further, they established the various 
forms of some molecular boimd HpO in the ion-exchanger lattice. 
The formula of amorphous and polycrystalline modifications of 
zirconium phosphates, Zr(MPO.)p.nH20, proposed by Clearfield 
and Alberti, does not hold. Strelko has given the formulae of 
H form and salt forms of zirconium phosphate as Zr(OH) .(HP0.)2_2, 
yH20.(x = 0-2) and Zr(0H)^[(MPO4)jjj(HPO^)^]2_2x-yH20 respectively. 
The changes occurring on heating the zirconium phosphate 
sorbents have been studied quite intensively (55,255,255). The 
adsorption studies on amorphous zirconium phosphate gels with 
high P/Zr ratio (>1.5) shows an ideal cation exchange (25^). 
It is supposed from the titration curves that monobasic (259) 
as well as dibasic (50,61,259) groups are present in these gels. 
At lower P/zr ratio, these gels retain part of the amphoteric 
character which is connected with the presence of the hydrous 
Zr02 functional groups (257,260). It has been proved that K 
and Li"** are attracted electrostatically to the surface of the 
solid only when the solid is negatively charged; on the other 
hand, ions which form insoluble phosphates, such as Ag^, are 
chemisorbed even when the solid is positively charged (261). 
The selectivity of zirconium phosphate towards the bivalent 
cations is rather low (257, 269). Higher adsorption was found 
2+ for Sr at elevated temDerature (262). The cations such as 
Co , Ni , Cu and Zn are sorbed to about the same extent 
39 
and t h e i r a f f i n i t y i s not very d i f fe ren t from tha t of Sr (62) . 
UOp i s ea s i ly adsorbed at h igher temperatures on amorphous 
2+ 
zirconium phosphate (263). The adsorption of Sr on c ry s t a -
l l i n e zirconium phosphate i s found to be independent of ionic 
s t reng th and the i n t e rd i f fu s ion coe f f i c i en t s are found to be 
constant (264). Small d i f fe rences in s e l e c t i v i t y of sorpt ion 
on amorphous zirconium phosphate are found for Am , Cm , Cf , 
Ce^ "*" and Bu^ "^  a t 75°G (257,265) . In case of Uol"^ adsorption on 
semicrys ta l l ine and c r y s t a l l i n e zirconium phosphate, the forma-
t ion of a UOpHPO .^AHpO phase has been proved by X-ray ana lys is 
(266,267). S imi lar ly , a r e l a t i v e l y strong uptake of V0> and 
MOryOpT anions on amorphous zirconium phosphate may be explained 
by the chemical i n t e r a c t i o n between these anions and phosphate 
group (268). The thermodynamics of ion-exchange on d i f fe ren t 
types of zirconium phosphate have been studied for var ious 
systems (257,269-271). The following ana ly t i c a l app l ica t ions 
have been achieved on zirconium phosphate exchanger. 
1. Pu r i f i ca t ion of r e a c t o r coolants (272). 
2. Decontamination of D^ O (262). 
3. Decontamination of r ad ioac t ive waste water (273). 
137 
4. Gs ^ from reprocessing so lu t ions (274-277). 
5. Pu'^ ''" from i r r a d i a t e d U (278). 
The ion-exchange p rope r t i e s of l amel la r inorganic mater ia l s 
have been widely s tudied (279,280) . a-Zirconium bis(monohydrogen 
orthophosphate) monohydrate and i t s isomorphic t i tanium compound 
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(13,281) "belong to t h i s group. Both have an i n t e r l a y e r dis tance 
of 7.6 A°, which r e s t r i c t s t h e i r capaci ty for exchanging ions 
with a l a rge diameter. In both compoiinds, the dihydrated form 
shows a d i f ferent s t r u c t u r e (65,115,183,281,282) known as the 
Y-variety (281) with a basal spacing qui te h igher than tha t of 
the a-form (12.2 A° for y-zii^conium phosphate and 11.6 A for 
Y-titanium phosphate), which allows l a rge ions to diffuse through 
i t . Thus, in ac id ic media, a - t i tan ium phosphate r e t a i n s Li and 
Na"*" while K"*" i s only re ta ined at pH 7 and with a high degree of 
hydrolysis (283-288). However, y-'^i'tanitun phosphate possesses 
a l a rge a f f i n i t y fo r K"^  than Na"*" ions reaching in ac id ic media 
50 and 257», r e spec t ive ly , of i t s exchange capaci ty (281). 
K"*" - H"^  ion exchange isotherms for a-zirconium phosphates of 
widely varying C2:ystal l ini ty have been determined by Ruvarac 
(289). The l e a s t c r y s t a l l i n e exchanger formed a s ingle so l id 
so lu t ion requi r ing a steady increase in solut ion pH with increased 
K uptake. However, with exchangers of in termedia te c r y s t a l l i n i t y 
replacement of hydrogen ion by potassium ion occurs in two s tages . 
I n i t i a l l y some K"^  goes into^ so l id solut ion but when the s u b s t i -
t u t ion l i m i t s i s reached a ha l f exchanged phase of approximate 
composition ZrKH(P0^)2.H20 forms. Torracca and coworkers (290) 
have examined the ion-exchange behaviour of Zr(HPO.)(NaPO.).5HpO 
towards HgCl2 s o l u t i o n s . Na"^  and H"*" ions are re leased by the 
exchanger in a r a t i o which depend on the pH. Uptake and ra te 
of exchange are r e l a t i v e l y high considering tha t Hg i s s t rongly 
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bound to ch lo r ide . Dyer (291) has used the radioisotopes to 
determine se l f diffusion parameters for the movement of La 
and Ge in c r y s t a l l i n e a-zirconium phosphate. Zirconium 
phosphate (292) i s found to exchange a lka l ine ear th cat ions 
in macroquant i t ies from a c e t a t e s o l u t i o n s . Rates of exchange 
decrease with increasing- c r y s t a l l i n i t y of the exchanger but 
increase appreciably with temperature . Ion exchange of a l k a l i 
metal cat ions and Cu "*" with a-zirconium phosphate has been 
fo\ind to be i r r e v e r s i b l e (293) . This i s a t t r i b u t e d to a strong 
s i t e binding. The cat ions are coordinated by water molecules 
and negat ive l a t t i c e oxygens in a s t ab l e arrangement. S i te 
binding i s also suggested as an explanation for the f a i l u r e to 
produce fu l ly exchanged a l k a l i metal cation phases. 
Heteropoly acid s a l t s have also been of i n t e r e s t . A number 
of these compounds have been prepared. In heteropoly acid s a l t s 
the parent acids belong to the c l a s s of 12-heteropoly acids 
having the general formula H-,XY, 2040*^^2^' ^^ ®^® ^ "^ l^y ^^ 
phosphorous, a r sen i c , s i l i c o n , germaniijun and boron, and Y 
d i f fe ren t elements such as molybdenum, tungsten and vanadium. 
The heteropoly compounds e spec i a l l y those of 12-molybdo compounds 
are qui te s t rong oxidizing agents . Buchwald and This t le thwai te 
f i r s t reported ion-exchange on ammonium molybdophosphate and 
they t rea ted the s a l t with 0 .1-1 .0 M so lu t ions of Group I and 
Group I I cat ions and of tha l lous ion, a l l in 0.08 M MO 
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Complete mass balances were achieved for ammonium ion, while 
the number of equiva lents of ca t ion in the so l i d was found to 
remain constant and equal to th ree throughout a l l t rea tments . 
The r e s u l t s suggest t h a t p r ec ip i t a t ed ammonium molybdophosphate 
does not possess the i dea l formula, (NH^),PMo-|^20^0' ^^* ^^ ^^ 
an acid s a l t with approximately 2.5 equivalents of ammonium ion 
and 0.5 of hydrogen ion . Both these ions may be replaced by 
other ca t ions , but one ammonium ion per molecule appears to be 
more firmly held than the o t h e r s . Extensive exchange was found 
for K'^, Rb"^ , Cs"^  and Tl"^ ions , but only s l i g h t exchange for 
Li"^, Na"^  and the Group I I A c a t i o n s . Much of the subsequent 
inves t iga t ions of the ion-exchange p roper t i e s of these s a l t s 
have been carr ied out by Smith, Robb and Jacobs (294-296). 
Apart from these heteropoly acid s a l t s , many other substances 
l i k e mixed s a l t s have a lso been synthesized and studied in 
d e t a i l for ion-exchange p r o p e r t i e s . I t has been found tha t 
mixed s a l t s or three-component ion-exchangers possess ion-
exchange p rope r t i e s d i f fe ren t to simple s a l t s or two-component 
ion-exchanger3. Sometimes they show s u p e r i o r i t y over simple 
s a l t s mainly in three a spec t s . They are more thermally and 
chemically s t a b l e , secondly, they are more s e l e c t i v e in nature 
(297) and t h i r d l y t h e i r ion-exchange capac i t i e s are higher 
(298-300) as compared to two-oomponent ion-exchangers(301,302). 
A review on three-component ion-exchangers has been ^resented 
in Table 2. 
f-l 
0) 
• H 
H 
(4 
aJ 
<D 
T:< 
O H 
(4 
ft 
•H 
?-l 
(U 
E 
o 
K 
CD 
I 
o 
•H 
-P 
O 
P 
o 
o 
I 
0) 
0 
.si 
-p 
CD 
a 
o 
ra 
o 
o: 
0) 
• H 
- P 
?^  
CD 
P H 
o 
U 
CM 
I 
K! 
0) 
O 
f^ 
Q) 
M 
CD 
« f 
0) 
,—^  
LPv 
o 
t A 
1 
K^ 
O 
tr\ 
,,~^ 
^D 
O 
C<~N 
,-~, 
t-^ 
o 
N^ 
-p 
•H 
> 
• H 
P> 
O 
0) 
H 
CD 
CO 
^ q CT' 
• CD 
Ci3 
a 
!4 
o 
cj 
•H 
f^ 
•H 
P-, 
a 
o 
• H 
-p 
• H 
to 
o 
O 
CD 
o g 
(D xi 
P, O 
>> K 
FH CD 
H 
• H 
CD 
cd 
ra 
+ 
CO 
o 
CM 
C\J 
^ 
CQ 
o 
P-4 
O 
a 
a 
0 I (D 
•H O +3 
C ^ CO 
O P^ O 
o ra -H 
^ O r 4 
•H ^ -H 
a 
•;i 
•H 
1 
O 
CD 
HJ 
G3 
C! T^ ^ 
o 
o 
, o 
>5 
UH 
•H 
N) o a 
P, 
ra 
o 
^ 
p . 
34 
CO 
o o 
4-
•H 
00 
CM 
^ 
O ' 
(^ 
m 
% ! 
1 
H 
•H 
N O 
U CM 
0^ U1 
t ^ 
1> 
* 
o 
II 
X 
CM 
r^ 
(D 
•H 
CO 
C3 
o 
^^  
• • 
[-» 
.. 
f-l 
CNJ 
CD 
g 
• 
O • • o 
o 
• H 
a 
UD 
• 
H 
CD 
CM 
• 
O 
« • 
o 
o 
• H 
t-^ 
r"^  
• 
N^ 
CM 
CD 
• 
o 
• • o 
o 
• H 
irA 
rH 
• 
».£} 
a 
^ I CD 
•H O +3 
a T:* a! 
O o T? 
o >5 CO 
•H O S 
(SI a > 
PH 
O 
CM ro 
•H O 
o d 
fH -P 
N) P I O , 
LPv 
•H 
O 
o 
c\j| if 
a>| 
^1 
0) 
o 
rt 
<D 
M 
0) 
«H 
<» ( i i 
- — V 
O 
H 
tA 
^ — V 
H 
H 
hf> 
,—^  
t o 
H 
t<^ 
• k 
(\J 
H 
l<^ 
, — V 
• ^ 
H 
t o 
^ — s 
LfN 
H 
t o 
,-^ 
UD 
iH 
t o 
, ^ 
C--
H 
t o 
>> 
•H 
> 
•H 
+3 
O 
0 
H 
M a 
H 
o 
'^ 
o 
•H 
U 
•H 
ft 
a 
O 
•H 
+5 
•H 
CO 
O 
ft 
a 
o 
o 
u 
0) JH 
ft O 
6H Q) 
•H 
+» 
• o 
CQjz, 
S 
IT! 
•H 
C! 
o 
I 
0 
ft 
H 03 
CO O 
C Q ^ 
O ft 
P'H O 
•H r j > i 
N CO O 
VO 
+ 
LO 
CO 
• 
LO 
o 
O 
o 
CO 
PM H 
1 
CO 
^ 
o 
^ ft 
u 
o 
CD 
• • 
•H 
H 
H 
05 
• P 
CO 
H 
• • 
H 
1 
CO 
a o 
^Xi 
•H ft 
fl a 
o r< O MH 
fH (4 
-H 0) 
^3 o 
(D 
+» cS 
j:3 
ft 
a 0) 
?i 4^ 
•H 1 a 
a o xi O c! ft 
o 0) ra 
f^ CO o 
•H f^ 4:! 
NJ (S3 ft 
a 
0 
•H 
1 
CO 
0 
rt^ 0 
0 
ft <D 
O - P 
N T i cs5 
•H 
^3 
0 ^ 
•H ft 
+ 
cv 
•H 
H 
+» 
CO 
u 
o 
•H 
o 
0) 
- p 
cd 
o 
• H 
H 
• H 
CO 
O 
00 <Tt 
O (U 
M CO 
• H ^ 
^ 3 ctf 
O 
H 
35 
CO 
?! 
o 
Xi 
ft 
o 
a 
< 
^ 
•H 
1 
0 
C;C ® 
0 
0 
M 
ft^^ 
CO d 
0 TJ 
• H ^ 0 
(SJ 
• 
H 
ft-H 
<D 
• H 
+» 
CQ 
© 
O 
fi Q) 
^^  0) 
«H 
0) 
rt 
-—s 
CO 
H 
KN 
-— 
^•~^ 
c-
H 
(<A 
—' 
, - • — * 
»^  
O 
t<^ 
> — 
^—» 
o 
CM 
^^^ 
• — ' 
,—^  
CvJ 
C\J 
C^ 
•« 
H 
CM 
f<~\ 
• — • ' 
^—s 
(A 
H 
f<A 
—' 
-p 
> 
• H 
- P 
O 
<D 
H 
<D 
W 
O C)J3 
M a 
H 5 
O 
O 
•H 
a 
o 
• H 
- P 
• H 
CO 
o 
ft 
a 
o 
o 
1^ 
•H 
• o 
ra 
o 
ft 
o 
I 
p< 
•H 
fl O 
o 
a o 
o O ^ Q) 
U 
•H 
IS3 
CO 
H 
H +» 
• H CO 
CQ T J 
CQ 
O 
+ 
+ 
IS3 
o 
CM 
"^ 
' CM ir\ 
o 
•H 
CQ 
• • 
• CT 
.. C^ 
x^C^ 
o PM 
• • 
• 
r ^ 
• • CMVO 
O 
•H 
EH 
f -
• 
rH 
ra 
;:J 
o 
xi ft 
o 
a 
§ 
I 0) 
O - P 
xi a ft o 
03 -H 
O H 
ft Of) en 
I -p 
o ctj 
^ ft 
>» ro 
r-l O 
O XJ 
a ft 
1 ^ 
a 
•H 
+> 
•H 
i n 
H 
0 
•p 
I cd 
o ^ 
Ti ft 
oj ra 
P ^ 
> ft 
38 
+ 
CM 
•k 
+ 
Xi 
00 
o 
ft 
o 
a 
a I <D 
P O -P 
•H -p rt 
g ra rt 
-P jlj tn 
•H 3 M 
6H -P Oi 
H 
a 
•H 
H 
0) 
-P 
I 03 
rt ft 
0 03 
03 O 
as ft 
CM 
I 
0) 
f - l 
6H 
ra 
0) 
o 
c 0 
u <D 
«H 
0) 
rt 
, •—V 
r^ 
( \ j 
t<~\ 
— • 
—^^  03 
cn 
CO 
—^' 
—^^  
• ^ 
CM 
t<A 
'— 
'' S 
i n ^ 
CM 
(^ 
—' 
* • — ^ 
a> (T> 
CM 
— 
^—^ 
o 
o 
t A 
— 
>5 
•H 
> 
•H 
+» 
o 0) 
H 
<D 
CO 
• 
O CiD 
• "^^-X, 
W o* 
. <D 
M E 
+ 
t<> 
0) 
O 
•• 
+ 1 ^ 
cd 
1-^ 
00 
•<d-
• H 
03 
H 
B 
O 
«H 
H 
0* 
O 
•H 
U 
•H 
P. 
e 
o 
m 
o 
P-. 
a 
o 
o 
P< O 
EH (D 
H 
cd 
•H 
© 
- p 
cd 
• o 
rasa. 
o 
P< 
o 
•H 
-p 
+^  
I Cd 
o T J 
© >» 
03 H 
U o 
EH cd a 
00 
r<^ 
• * 
o 
m 
<i! 
t A 
w_ 
i n 
- — V 
CM 
O 
s:^  CO 
^-^ 
o CM 
fl 
^ 
^> 
. "—V 
' ^ 
O 
PH 
t<> 
W 
o S 
• • 
en 
<5 
• • 
•H 
EH 
VD 
« 
H 
.. 
O 
• 
H 
CM 
• CM 
PM 
*• 
ra 
< 
• • 
rt 
o5 
o 
* 
H 
• • 
O 
• 
r-i 
• • 
• 
H 
m 
:i 
o 
x! 
U 
o 
a 
o 
en 
H 
+5 
I cd 
o ^ 
P! ft 
CO O 
cd ft 
+ CM 
;:« 
o 
• k 
+ CM 
Cd 
cq 
+ CM 
Cd 
en 
00 
•H 
H 
' ^ 
-P 
03 
o 
CM 
CO 
o 
ft 
o 
0} 
I - p 
o Cd 
o 
•H 
rt cd <D 3 q 
- p ro 
CO >• 
to 
cd 
o 
H 
03 
O 
ft 
o 
o 
(\J H 
I ® 
o o - p 
•H 73 cd 
d >> 0) 
CO H 05 
-P O H 
00 a cd 
CM 
C\J 
+ 
CM 
0 
O 
+ 
CM 
Cd 
r 
o 
to 
pi 
o 
ft 
u 
o 
B 
37 
03 
<! 
• • 
> 
• • 
rt CO 
o 
H 
• H 
• • 
• * 
• 
• • 
CTi 
• 
H 
03 
<! 
• • 
O 
S 
• • 
C CO 
H 
• • 
H 
• • 
CM 
. 03 
< 
• • 
:s 
• • 
c CO 
CM 
• • 
LH 
• • 
CO 
H 
O 
1 <D 
O +3 
• r l -P 
C 
ti 
-P 
03 a a 
t)D (U 
§ 
CO 4^ 
• 
CM 
to 
cd 
0)1 
•HI 
+»| 
o\ 
ol 
CJI 
l [ 
o l 
CQ 
0) 
o 
c (D 
^1 
0) 
tH 
Pi 
.—. 
yo 
CM 
f ^ 
•^  00 
CTi 
CM 
^-^ 
^ — < » 
o f\J 
K> 
» t 
LA 
H 
t A 
"—^ 
^—«s 
CO 
C\J 
K> 
-^.^  
^—s 
en 
OvJ 
t<> 
o^^^ 
, , 
O 
t A 
^ < - ^ 
> ^ 
^ ^ 
o 
KN 
f ^ 
V ^ 
^—, 
o 
t A 
tA 
>,_^ 
•H 
> 
•rH 
- P 
O 
Q) 
H 
CO 
. CO 
M a 
d 
H 
::! 
a 
o 
H 
o 
•H 
•H 
s 
o 
•H 
-P 
•H 
ro 
o 
& 
a 
o 
o 
O 
•H 
• o ;l 
w 
"^J-
o to 
< 
t A 
»-T-t 
V--H 
• 
t A 
o 
O 
CM 
ffi 
d 
1 1 
•^ 
o OJ AH 
P 
O 
^f^ 
K 
PM H 
03 
< 
• • 
o 
iH 
• • 
H 
DO 
O 
P,-
o 
a 
•H 
a 
o 
f-i 
O 
CVJ 
0 
+» 
I a 
(D ro 
CD O 
03 ft 
+ 
CM 
o 
I 
CD 
o 
xi 
a, 0) 
O -P 
•« cd 
+» o x! 
CO -H f l , 
CM 
+ 
EH 
o 
CQ 
0 
o 
ft 
u 
o 
CM 
+ 
O 
+ 
EH 
CO 
00 o 
H 
H 
O 
tA CM 
O ffi 
0) LTN 
CO - ^ 
W '—' 
f - 00 
-~- H 
O ' ^ l -
ti O 
CO > 
00 
CO 
co 
c! 
•H 
H 
05 
-P 
to 
o 
O O +» 
•H 4J 05 
P! to 0 
+* P <D 
M -P CD 
to 
o 
ft 
o 
CM 
in 
tn 
o 
ft 
o 
00 
CM 
0 
o r -P 
•H O ci 
d CO ft 
ca ^ H 
-P O ;:< 
OT ^ to 
Ch 
CM 
38 
cr> 
en 
« 
o 
CO 
o 
ft 
u 
o 
a 
I 
o 
o +» 
•H 
d 
CO 
o 
d ^ ^ 
<u 05 
to U 
U o 
Cfl Xi 
0) 
:^ 
•H 
-p 
o 
o 
CO 
I 
0) 
H 
6H 
03 
0) 
O 
>5 
•H 
> 
•H 
+3 
O 
Q) 
H 
0) 
CO 
• 0) 
M S 
03 
H 
JS 
a 
o 
H 
Ki 
o 
•H 
U 
•H 
a 
o 
•H 
to . 
O 
a 
o 
P( O 
•H 
• p 
• o 
o 
1^ 
t<-N 
o 
f<^ 
t o 
H 
^f^ 
(r\ 
CO 
^~s 
KN 
t<A 
t<A 
t<~\ 
t i -
t ^ 
f^ 
i n 
f^^  
t<> 
H 
+ 
+ 
tS3 
r-i 
m 
o 
xi ft 
o 
:^ 
o 
si 
o 
+ 
CO C>0 
o 
• • 
ca 
• « 
p! 
trt 
H 
• • 
H 
• • 
H 
CD 
<! 
• • 
<D 
CO 
• • 
PJ 
to 
CO 
o 
• H 
• • 
o 
• 
• • 
O 
• 
H 
03 
pi 
O 
ft 
o 
•H 
H 
H 
05 
+» 
03 
>> 
V4 
O 
(D 
•P 
o 1 cd 
•H O -P 
d -P 03 
d oJ tffl 
-p o 3 CO ^ - P 
• 
r<^  
>> 
H 
O 
o a 
^ o Ci-P © 
ci ro -p 3 ^ rt 
+» O T3 
CO ^ X> 
• 
CO 
t o 
0) 
O 1 +s 
•H O 05 
CJ C CJ 
Cj dJ 0) 
a H 03 
•p 0) f^ 
CO 03 CtJ 
• 
t<> 
03 
O 
ft 
o 
39 
o 
t<^ 
O O 
0 CO 
CO w 
§ 
O 
00 
o 
PM 
CO 
PM VD 
<U 
CO 
CO 
f1 
ra 
O 
o 
•H 
d 
§ 
-P 
CO 
• 
KN 
<P 
-P 
1 0) 
o ^ 
n ft ® m 
H O 
a) ^ 
03 ft 
o 
•H 
f l 
§ 
-P 
O 
1 -p 
o c<3 
rt o 
QJ - H 
0 3 H 
U-H 
CO cfl ro 
in 
t < ^ 
II 
+3 
o 
o 
CM 
a> 
d 
CO 
0) 
o 
a 0 
f^  Q) 
^ 
0) 
31 
,.—^  
vo 
t<^ 
t<~\ 
.^—^  
t:--
KN 
t<^ 
^ — V 
LPi 
H 
KN 
>> 
- p 
•H 
t> 
•H 
-P 
O 
0 
H 
0) 
ro 
+ C\J 
ta 
m 
O tJ3 
id 
O 
•H 
•H 
ra 
o 
pi, 
3 
O 
o 
0) 
>> X 
•H 
cS 
• o 
40 
• " 
M 
• 
M 
cd 
H 
;3 
a 
u 
o 
tH 
^ 
O 
•H 
•H 
P, 
a pq 
\ 
o^  
0) 
a 
VX) 
VD 
• 
O 
•H 
W 
-^ 
K 
• 
o 
•> o 
C\J (M 
O tr! 
^ ^ SH 
• ' 
to 
o 
CO 
•H 
CO 
• • 
PH 
• • 
^ 
EH 
• 
H 
• • CD 
CM 
• 
H 
• • 
H 
CO 
o 
U 
o 
a 
1 03 
O +» 
rf ;C (S 
•H 
M 
o 
P^ O 
05 -H 
O H 
,CJ X ! -H 
EH 
• 
t o 
P< CD 
Q) 
+3 
1 Cd 
C 4 : ! 
o P, 
U ra 
+» o 
CO Xi 
P( 
•r* a 
CO p! 
CD -H 
t ^ -P 
• 
l<^ 
0 
+> cd 
xi 
'-^ p 
M CQ 
M O 
M ^ 
>_^  a, fl o 
O T: ! 
^ o 
M -H 
CO 
f<^ 
41 
Applicat ions of the p r a c t i c e of ion-exchange chromatography 
are mainly found in l i f e science and inorganic chemistry. In 
the 1982-85 time frame, the re has been a sh i f t in published 
app l ica t ions from ion-exchange on r e s i n s or s i l i c a -based packings 
with lonogenic groups to ion -pa i r ing techniques using reversed 
phase packings. However, one of the proposed mechanisms of 
reversed phase ion-pa i r ing chromatography pos tu la tes the dynamic 
fromation of an ion-exchange type surface on the hydrophobic 
packings and t he r e fo re , can s t i l l be viewed as an ion-exchange 
mechanism. Solvent generated ion-exchangers are receiving more 
a t t e n t i o n . 
Recently var ious ion-exchange media have been used for 
separa t ions involving p a r t i t i o n chromatography. This i s p a r t i -
cu la r ly t rue when the mobile phase contains more than 10% 
methanol. At high methanol concent ra t ions , the ionogenic groups 
of the ion-exchange packing do not ion ize , and hence the groups 
and backbone act only as a polar bonded phase on which normal 
p a r t i t i o n chromatography can be performed. Although methanol-
water and methanol-water s a l t mobile phases are used, the 
separat ion mode i s not always reversed phase p a r t i t i o n , s ince 
an increase in percent water e l u t e s components more r ap id ly . 
An increase in percent water e l u t e s components l e s s raT)idly 
in a t rue reversed-phase mode. 
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A successful separation of sugars has been accomplistied. 
on a microparticle strong cation exchanger using an acetonitrile-
water mobile phase (338). This combination of mobile phase and 
non-ionizing solutes proves that ion-exchange chromatography is 
not a possible mechanism of this separation. Similarly, basic 
drugs are separated on the same type of cation exchange column 
with between 0 to 60% methanol-water with varying amounts of 
ammonium dihydrogen phosphate and at varying pH. The mode in 
this instance is reversed phase chromatography, since the drugs 
eluted more rapidly with greater amounts of methanol in the 
mobile phase (339). 
The use of various novel inorganic exchangers still commands 
attention but few have been commercialized, especially in HPLC 
particle sizes, so such packings have not received widespread 
use. Among these described are titanium dioxide (340), titanium 
phosphate (341), titanium tungstophosphate (342), titanium 
selenite (343), hydrated stannic oxide (344), collidinium molyb-
doarsenate (345), stannic vanadoarsenate (346) and iron(lll) 
antimonate (347). 
Many separations reported to be ion-exchange often involve 
mixed mechanisms where other sorption effects contribute to 
chromatographic separation. The use of ion-exchange packings 
for the separation of nonionic compounds, such as the separation 
of oligosaccharides (348) and lipids (349) on Ag"" loaded cation 
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resin represent an extreme in this phenomenon. The separation 
of organic acids on cations in the H-form represent the ion-
exclusion mechanism based on the repulsion of a completely 
ionized solute from the fixed hydrogen ions in the resin 
surrounded by the Donnan membrane (350,351). Counter ion 
effects in ion-exchange chromatography were studied by Dieter 
and Walton (352). Qureshi and Quresh (353) have presented a 
review on the application of ion exchange methods in radio-
chemical separations which is needed in aciivation analysis, 
waste processing, fuel processing or reactor coolant water 
purifications. 
Strelow and coworkers (354) have developed a method to 
avoid losses of uranium at the interface between different 
eluting agents during anion exchange chromatography. Mitsu 
Abe (355) has studied the elution behaviour of Li"^  and Mg "*" ions 
with nitric acid solution on crystalline antimonic acid as a 
cation exchanger. On the basis of relevant distribution coeffi-
cients for various metal ions on the resin and crystalline 
antimonic acid, an effective separation of Li from large amount 
of other metal ions can be performed quantitatively on the double 
column which consists of an upper column of Dowex 50W-X8 and a 
lower column of crystalline antimonic acid. J.S. Fritz and 
coworkers (356) have described a system of cation chromatography 
in which metal and chromium cations-are separated on a cation 
exchange column of low capacity and are detected with a conduc-
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tivity detector. 
Zirconium titanium phosphate has been prepared and used 
for the separation of rare earths and some other fission 
products from mineral acids (357-358). Zirconium arsenophos-
phate cation exchange column is used for the quantitative 
separation of uranium from some metal ions which generally 
interfere in its spectrophotometirc determination using sodium 
2+ diethyldithiocarbamate as a reagent (359). Fe is determined 
by cation exchange chromatography on Zr(IV) arsenophosphate 
column (360). This method is applicable to synthetic mixtures, 
capsules and tablets. The complex forming ability of EDTA at 
various pH values and the ion-exchange behaviour of Sn(IV) 
arsenosilicate and Sn(IV) arsenophosphate cation exchangers 
have been combined in a thin-layer chromatographic study of 
some metal ions (36l). This procedure is allowed to certain 
analytically difficult separations such as Ga "^  - 3r "*", Ga "*" - 3a 
and Hg^ "^  from Gu^ "^ , Ni^"^, Zn^^, Go^ "^  and Mn^ "*". The distribution 
of some metal ions on Zr(lV) arsenophosphate and Zr(IV) arseno-
silicate cation exchangers has been determined and based on this 
study, the separation of Al^ "*" from Mg^ "*" is achieved in some 
synthetic mixtures and in marketed antaicd formulations(362,363). 
The chromatography of metal ions on collidinlum tungstoarsenate 
papers is studied by using 7 different mixed solvent systems 
(364). Varshney and coworkers (365) have used Zr(IV) and Sn(lV) 
arsenophosphate ion-exchange column for the analysis of certain 
45 
al loys and rocks . Some important a n a l y t i c a l separat ion of 
metal ions using pharmaceutical substance, b io log ica l samples 
and environmental po l lu t an t s .have been given in Table 3. 
A number of novel i o n - s e l e c t i v e e lec t rodes have been 
prepared in which ion-exchange mater ia l s are impregnated into 
polymeric i n e r t matr ices which serve as i on - se l ec t i ve membrane. 
A va r i e ty of weak cat ion exchangers have been s tudied as 
membrane components for monovalent i o n - s e l e c t i v e e lec t rodes 
(4-17). Epoxy r e s in impregnated e lec t rodes for thalli iun have 
been reported where a mixture of a r a l d i t e and zinc molybdo-
phosphate i s amployed in one case (418) and n i t ropyr id ine 
tungstoarsexiate i s used in the o ther (419). Similar ly a copper 
hexacyanofe r r a t e ( l l l ) based thal l ium sens i t i ve e lec t rode i s 
suggested (420). Thsillium molyb do arsenate in a r a l d i t e membranes 
served as a very s t a b l e thal l ium s e l e c t i v e electrode (421,422). 
Molybdate i o n - s e l e c t i v e e lec t rodes have been proposed by several 
workers (423-425) and two r epor t s of r a r e ear th i on - se l ec t i ve 
e lect rodes have appeared (426,427). The incorporat ion of 
zirconium tungs toarsena te in to a polystyrene matrix has been 
used for z i rconyl i o n - s e l e c t i v e e lec t rodes (42S,42 '^\ Lead 
ion - se l ec t i ve e lec t rodes have been developed by using lead 
antimonate in an a r a l d i t e matrix (430). A new s o l i d - s t a t e 
i on - se l ec t i ve e lec t rode for ammonium ions nave been developed 
(431). The ammonium i o n - s e l e c t i v e e lec t rode u t i l i z e s a membrane 
composed of (NE^)^mo^^O^Q.riii^O and can be used over a wide pH 
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51 
range. A fairly cesium selective electrode is developed 
(432,433) by using pressed disk^ of zeolite ion-exchangers 
(mordenite type) in an epoxy-based support. The novel channel 
stiructure of the zeolite material makes this membrane electrode 
concept one of the more intriguing new approaches in the area 
of solid-state membranes. Takasaki and Suzuki (434) has 
reported a rare earth sensitive electrode (responds to cerium(III)) 
using cerium(IV) oxide suspended in an araldite membrane coated 
onto a copper disk electrode. 
52 
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CHAPTER - I I 
SYNTHESIS M P CliARACTBRIZATION OF NEW THREE-COMPONENT 
ION-EXCHANGE MATERIAL;2IRC0NIUM(II)SELENOPHOSPHATE 
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INTRODUCTION 
The most intensively studied group of synthetic "inorganic 
ion-exchangers are the acidic salts of multivalent metals 
(especially quadrivalent metals) prepared in combination vith 
the anions of phosphate, arsenate etc. as two-component ion-
exchangers (1,2,3). Three-component inorganic ion-exchangers 
which consist of a combination of zirconium phosphate compound 
with other organic or inorganic salts such as zircomium arsenate, 
molybdate, tungstate, tellurate, oxalate, silicate etc. have been 
prepared. Attempts were made to increase the ion-exchange 
capacity by increasing degree of polymerization of the component 
materials (4). However, a higher content of polyphosphate in 
the exchanger is considered to effect the kinetics of absorption 
(5) and therefore, the conditions are set within optimum limits 
(6). A study of the literature shows the preparation of a large 
number of three-component ion-exchangers with increased ion-
exchange capacity and selectivity of these materials (7-16). In 
this manuscript, we describe the preparation and properties of 
zircomixim (IV) selenophosphate. Some analytically important 
separations of metal ions of quaternary systems have been 
successfully achieved. 
* f 
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EXPERIMENTAL 
Reagents; Zircomivim (IV) bis (nitrate) oxide (B.D.H.), sodiiim 
selenite (3.D.H.) and orthophosphoric acid (B.D.H.) were used 
for the synthesis of ion-exchangers. All other chemicals were 
of analytical grade. 
Apparatus; An Elico model Li-10 pH meter was used for pH 
measurement. A Bausch and Lomb Snectronic 20 colorimeter and 
a Perkin Elmer 137 spectrophotometer were used for STiectro-pho-
tometric and IR studies respectively. An electric temperature 
controlled shaker (SICO) was used for shaking. 
Synthesis; Samples of zirconium (IV) selenophosphate ion-
exchangers were synthesized by adding an aqueous solution which 
was 0.05 M in sodiiun selenite and 0.05 M in orthophosphoric acid 
to an aqueous solution of zirconium (IV) bis (nitrate) oxide. 
The desired pH was adjusted by adding dilute HNO^ or NaOH 
solution. The gel so formed was allowed to settle down for 
24 hours, washed several times with demineralized water to 
remove excess reagents and finally filtered tinder suction. It 
was then dried at 40°C for 7 days in an oven. The dried material 
was then treated with demineralized water, which resulted in 
cracking of the substance into smaller particles with slight 
evolution of heat. To convert the sample into H"*" form, the 
material was kept for 24 hours in 1.0 M HNO, solution. It was 
then washed with demineralized water to remove excess acid. 
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Ion-Exchange Capacity; A half gram of the exchanger in H form 
was taken into the column with the glass wool support. One 
molar solutions of different uni- and bivalent metal salts were 
passed through the column and the H ion liberation capacity 
was determined as usual (17). The ion-exchange capacities thus 
determined were therefore those at neutral pH conditions (pH—6.5). 
Chemical Stability; A 0.50 gram exchanger material (ZSP^, Table 4) 
was equilibrated with 50 ml of the solution or solvent of interest 
at room temperature and kept for 24 hours with occasional shaking. 
Zirconium and selenium in the solution was determined s"Dectropho-
tometrically using Alizarin Red-S (18) and 3,3',4,4'-tetraamino-
biphenyl tetrahydrochloride (19) as colouring reagents respectively. 
The phosphate was determined titrimetrically (20). 
pH-Titration; pH-titrations for NaCl-NaOH and KGl-KOH systems 
(using 0.1 M solution of NaCl and KCl each) of sample ZSP^ were 
performed by the method of Topp and Pepper (21). 
Thermal Treatment; Thermogravimetric analysis of sample ZSP, in 
the H form was performed at a heating rate of 10°G/min. To 
examine the effect of drying temperature on the ion-exchange 
capacity the materials were heated at different temperatures 
in a muffle furnace for one hour. 
Chemical Composition; For the determination of chemical compo-
sition of zirconium(IV) selenophosphate sample ZSP,, 0.10 gram 
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of exchanger was dissolved in hot concentrated sulfuric acid. 
Then the solution was diluted to 100 ml with water. Zirconium 
and selenium were determined gravimetric'ally (22,23) while 
phosphate was determined titrimetrically (20). The mole ratio 
of Zr, Se and P was found to be 5.06:2.0:4.05. 
Infrared Spectrum: Infrared analysis of zirconium (IV) seleno-
phosphate was performed using KBr technique. 
Distribution Coefficient; The distribution coefficients of metal 
ions in various aqueous solutions were determined. A quarter 
gram of exchanger in H''" form (30-50, 50-100, 100-150, 150-200 
mesh sizes) was treated with 25.0 ml of 2.0x10 M metal salt 
solution in 2 50 ml Erlenmeyer flask. The mixture was then 
shaken for 6 hours at 25 + 2°C in a shaker incubator. The amoiint 
of metal species left in the solution was then determined by 
titrating against the standard solution of 0.002 M EDTA. The 
K, values were calculated according to the formula. 
K. = m moles of metal species/gram of exchanger d m.mole of metal species/ml of the total 
volume of the resultant solution 
Separation of Metal Ions; Quantitative separations of metal ions 
were achieved on a 0.6 cm diameter (i.d.) glass column using 
2.0 gram exchanger (50-100 mesh) in H"*" form. A metal ion mixture 
was poured on the top of the column. The flow rate of the 
effluent was maintained at 1 ml min~ throughout the elution 
process. 
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RESULTS AND DISCUSSION 
Table 4 d e s c r i b e s t h e p r e p a r a t i o n of samples of Zr(IV) 
s e l e n o p h o s p h a t e . I t i s apparan t from t h e t a b l e t h a t t he 
ion-exchange c a p a c i t y of t h e mixed s a l t i s g r e a t e r when compared 
wi th o t h e r s imple s a l t s such as z i rconium phosphate and zirconium 
s e l e n i t e . The ion-exchange c a p a c i t i e s f o r a l k a l i , and a l k a l i n e 
e a r t h metauLs a r e shown i n Table 5 . I t i s c l e a r from t h e t a b l e 
t h a t t h e c a p a c i t y i n c r e a s e s wi th t h e d e c r e a s e of hydra t ed i o n i c 
r a d i i f o r bo th t h e a l k a l i and a l k a l i n e e a r t h m e t a l s . 
The e f f e c t of h e a t i n g on t h e ion-exchange c a p a c i t i e s of 
Zr(IV) s e l e n o p h o s p h a t e and o t h e r ion-exchange m a t e r i a l s (5 ,13 ,15) 
a t d i f f e r e n t t e m p e r a t u r e s has been shown i n F i g . 1 . On t h e b a s i s 
of g r a p h i c a l r e p r e s e n t a t i o n , a comparison of ion-exchange 
c a p a c i t e s a t t h r e e d i f f e r e n t t e m p e r a t u r e , i . e . , 300^0, 500°C 
and 600 C have been l i s t e d in t h e d e c r e a s i n g o r d e r . 
At 300°G, 
Zr(rv) selenophosphate "^ SnC IV) selenoarsenate^ Sn( IV) selenite"^ 
Gr(III) arsenophosphate") Sn(IV) arsenophosphate 
At 500°G 
Sn(IV) selenite^Sn(IV) selenoarsenate "^  Zr{IV) selenophosphate^ 
Cr(III) arsenophosphate>Sn(IV) arsenophosphate. 
At 600°C 
Sn(IV) s e l e n o a r s e n a t e ^ Sn(lV) s e l e n i t e / > Zr(IV) selenophosphate)-
C r ( I I I ) a rsenophosphate)>Sn(IV) a r s e n o p h o s p h a t e . 
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TABLE - 5. Ion-exchange capaci ty (meq/g-dry exchanger) of 
zirconium(lV)selenophosphate sample ZSP-. for 
various ca t ions at pH 6.5 and 25°C 
Ion exchange capacity 
(meq/g-dry exchanger) 
1.11 
1.23 
1.51 
0.71 
1.21 
1.31 
1.42 
1.44 
Sample 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
Cations 
Li^ 
Na"*" 
K^ 
Rb-^  
Mg2-
Ca2-
o 2+ Sr 
Q 2+ 3a 
Hydrated ionic 
radii,^^ 
10.0 
7.9 
5.3 
-
10.8 
9.6 
9.4 
8.8 
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A Z i r c o n i u m I I V ) se lenophospha te 
^ S t a n n i c ( IV ) s e l e n i t e 
jK S t a n n i c d V ) a r s e n o p h o s p h a t e 
O Chromium (I I I ) arsenophosphate 
• S t a n n i c d V ) sclenoarsenate 
100 200 300 /.OO 500 500 700 800 
Temperature °C 
Fig.1 Plot of exchange capapacity vs. drying temperature, 
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The ion-exchange capacity of Zr(IV) selenophosphate for 
K"*" was foiHid to be 1.51 meq/g when the sample was dried at 
40°C. However, a decreasing trend in ion-exchange caoacities 
was observed when the drying terouerature was elevated. The 
ion-exchange capacity became negligible i.e., 0.05 meq/g at 
700°C. 
It is apparant from Table 6 that Zr(IV) selenophosphate 
is quite stable in water. It is fairly stable in dilute mineral 
acids such as hydrochloric acid, perchloric acid, nitric acid 
and sulfuric acid. The material is also fairly stable in organic 
acids like formic acid, acetic acid, oxalic acid, citric acid and 
tartaric acid and in organic solvents such as ethanol, 1-butanol, 
DMSO and dioxane. The exchanger get dissolved in 2.0 M sodium 
hydroxide. 
The titration curves with added salts have been shown in 
Fig. 2. The curve in the presence of added sodium salt showed 
a slight difference from that in the presence of potassium salt 
and the ion-exchange capacities calculated from these cmrres 
are 1.20 meq/g and 1.50 meq/g for sodium and potassium salts 
and those obtained from column operation are 1.23 meq/g and 
1.51 meq/g respectively. Further the titration curves showed 
a monofunctional behaviour of the exchanger. 
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0 1 2 3 ^ 5 
OH added ( m e q / 0 - 5 g exchanger) 
Fig. 2 pH titration curves of zirconium 
(IV) selenophosphate. 
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The IR spectrum of 2r(IV) selenophosphate is given in 
Pig. 3. A very strong peak in the region 3800-2900 cm with 
a maximum at 3400 cm represent the lattice water, free water 
and free OH groups. The .strong peak in the region 1700-1500 cm"''' 
with a maximum at 1640 cm may be due to HOH bending. The 
bands at frequencies 1390, 1020 and 720 cm are probably due 
to the presence of monobasic orthophosphate, ^2-^^'A ^^^^^ ^^~ ^ 
and phosphate (1020 and 720 cm ) (24). The selenite band may 
also fall in the same regions as phosphate (25). The metal 
oxygen stretching vibrations (M-0) are indicated by the bands 
(26) with maximum at about 600-400 cm" . 
The combined studies of thermogram of Zr(IV) selenophosphate 
in H"^  f o rm (Fig. 4) and its exchange capacity at different tempe-
ratures compared with other exchange materials (Fig. 1) reveal 
some interesting results. At 200°C about B.S'l of the total 
capacity is lost due the loss of water molecules and start of 
the formation of pyrophosphate groups. The corresponding weight 
loss of exchanger is about 2.58/^ . At 560°C, there is a complete 
conversion to pyrophosphate with a decrease in capacity equal to 
72% of the starting value and the corresponding weight loss is 
about 4.6%. Further decrease in capacity may be attributed due 
to the condensation of - HSeO, group to (Se20^)H20. After 
800 C the weight becomes constant and the capacity decreases, 
is 96% of the original value. 
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Fi'g-4 Thermogram of Zr(IV) 
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On the basis of the exchange capacity, pH titration curve, 
chemical composition and thermogravimetric analysis, the followir 
formula for Zr(IV) selenophosphate is tentatively suggested. 
[(ZrO)5(OH)4(HSeO^)2(H2P04)4]^.2nH20 
>o. If it is assumed that the weight loss (2.58%) up to 200 C 
is due to the removal of water molecules, then the ntimber of 
water molecules (n) per molecule of exchanger, calculated from 
the formula given by Alberti (27) is 2. If two hydrogen ions 
in the tentative formula above are exchanged at pH 6.5, the 
ion-exchange capacity calculated from the above formula is 
1,55 raeq/g which is' in accordance with the experimental value 
(1.51 meq/g). The mole ratio of Zr, Se and P, which is calculat< 
from the above formula is found to be 5.04:2.00:4.01. 
It is clear from Table 7 that the K, values vary with the 
composition and the nature of the contacting solution. The K, 
vauLue for Th is very high showing a high affinity of Zr(IV) 
selenophosphate to Th , whereas the rare earth metals are least 
strongly adsorbed in almost all the solution systems studied. 
An increase in the concentration of nitric acid has significant 
effect on the adsorption of Pb ''" and Pe'"*" but has a little 
effect on the behaviour of rare earth metals. K^ values are 
d 
increasing as the mesh size of the exchanger increases(Table 8). 
The sorption studies on Zr(IV) selenophosphate for different 
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metal ions reveal some important separations. As a result, 
eleven quaternary separations were performed by using small 
column (30 cm length and 0,6 cm internal diameter) of Zr(IV) 
aelenophosphate. Results are summarized in Table 9. The 
elution profiles are shown in Pig. 5-10. 
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TABLE - 9. S e p a r a t i o n s of meta l i ons ach ieved on zirconiuia(IV) 
s e l enophospha t e columns 
No. Separation achieved 
Amount 
loaded 
fig 
*l» of metal 
ions eluted 
Volume of 
effluent 
(ml) 
Eluent 
used 
.3+ 
4 
Al 
Pb 
Fe 
3+ 
2+ 
3+ 
Yb 
Gd 
Pb 
Th 
3+ 
3+ 
2+ 
4+ 
Gu 
Al 
Pb 
Pe 
2+ 
3+ 
2+ 
3+ 
Eu 
Gd 
Pb 
Th 
3+ 
3+ 
2+ 
4+ 
Pr 
Gd 
Pb 
Th 
3+ 
3+ 
2+ 
4+ 
138 
24 
190 
49 
132 
280 
190 
177 
58 
24 
186 
49 
94 
280 
190 
177 
242 
280 
190 
177 
99 
100 
96 
98 
100 
100 
97 
92 
98 
100 
98 
98 
97 
99 
96 
93 
99 
100 
96 
92 
40 
40 
40 
30 
30 
50 
40 
40 
30 
40 
40 
30 
50 
50 
40 
40 
40 
50 
40 
40 
O.OOIM HNO. 
O.OIM HNO, 
0.05M HNO, 
l.OM HNO^ 
H2O 
O.OIM HNO, 
0.05M HNO^ 
l.OM HNO, 3 
H2O 
O.OIM HNO^ 
0.05M HNO, 
l.OM HNO^ 
H2O 
O.OM HNO, 
0.05M HNO^ 
l.OM HNO, 
H^O 
O.OIM HNO^ 
0.05M HNO, 
l.OM HNO, 
Contd. 
Table - 9 continued 
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HT-, Separation 
No. Zi A 
achieved 
Amount 
loaded 
% of metal 
ions eluted 
Volume of 
effluent 
(ml) 
Eluent 
used 
Er 
Gd 
Pb 
Th 
3+ 
3+ 
2+ 
4+ 
Tb 
Gd 
Pb 
Th 
3+ 
3+ 
2+ 
4+ 
381 
280 
190 
177 
181 
280 
190 
177 
99 
99 
97 
93 
100 
99 
97 
93 
40 
50 
40 
40 
40 
50 
40 
40 
H2O 
0-OlM HNO, 
0.05M HNO^ 
l.OM HNO, 
H2O 
O.OIM HNO, 
0.05M HNO^ 
l.OM mio,' 
8 Mg 2 + 
10 
11 
Al-
Pb 
Zr 
2+ 
4+ 
Ca 
Al 
Pb 
Zr 
2+ 
3+ 
2+ 
4+ 
Sr 
Al 
Pb 
Zr 
2+ 
3+ 
2+ 
4+ 
3a 
Al 
Pb 
Zr 
2+ 
3+ 
2+ 
4+ 
23 
24 
190 
64 
40 
24 
190 
64 
86 
24 
190 
64 
115 
24 
190 
64 
96 
100 
96 
97 
98 
100 
96 
95 
98 
100 
96 
97 
98 
96 
96 
95 
40 
;o 
40 
50 
40 
40 
40 
50 
40 
40 
40 
50 
40 
40 
40 
50 
H2O 
O.OIM HNO, 
0.05M HNO' 
l.OM HNO,' 
H2O 
O.OIM HNO, 
0.05M HNO^ 
l.OM HNO^' 
H2O 
O.OIM HNO, 
0.05M HNO^ 
l.OM HNO,' 
HjO 
O.OIM HNO 
0.05M HNO, 
l.OM HNO^ 
3 
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-
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"7 \ 
O.OIMHNO3 
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0.05MHNO3 1.0MHNO3 
^ )^ ^ 
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/ \ ' 
A ^^ 
o 
E -2 
£ 1-2x10 
-2 
VO xlO 
-3 
0>8xl0 
-3 
0-6x10 
-3 
0-4x10 
-3 
0-2 XlO 
1-0MHNO3 
#H ^ 
60 80 100 120 
Volume of ef f luent ,ml 
3+ 3+ 2+ 3+ 3+ 3+ 2+ .4 + 
Fig.5 Separation of Y - A l - P b - F e and '^b - 6 d -Pb -Th 
on zirconiumdV) selenophosphate column. 
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Fig.6 Separation of Cu - A l - P b -Fe and Eu-Gd -Pb -Th 
on z i r c o n i u m (IV) s e l e n o p h o s p h a t e c o l u m n . 
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Fig. 7 Separation of Pr - 6 d -Pb^-Th and Er -Gd -Pb -Th 
on z'irconium (IV) selenophosphte column. 
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Fig.8 Separation of T b - G d - P b - T h and fv.g - A l - P b - Z r 
on zirconium(IV) selenophosphate column. 
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Fig.9 Separation of Ca - A l - P b - Zr and S r - A l - P b - Z r on 
zirconiunn (IV) selenophosphate column. 
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-3 
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2+ 3-*- 2+ U^ Fig.10 Separation of B a - A l - P b - Z r on zirconium (IV) 
selenophosphate column. 
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CHAPTER - III 
A THEORETICAL APPROACH OF INCREASBD ION-EXCHANGE CAPACITY 
OF THREE-COMPONENT ION-EXCHANGE MATERIALS 
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INTRODUCTION 
Var ious s y n t h e t i c i n o r g a n i c i o n - e x c h a n g e r s have been developed 
so f a r mos t ly based on a r s e n a t e , phospha te , t u n g s t a t e , molybdate 
and s e l e n i t e of m e t a l s ( 1 - 6 ) . Three-component i n o r g a n i c i o n -
exchangers which a r e r e p o r t e d (7-11) show i n c r e a s e d ion-exchange 
c a p a c i t y as compared t o the two-component m a t e r i a l s . However, no 
a t t empt has been made t o e x p l a i n t h e i n c r e a s e d ion-exchange c a p a c i t y 
of t h e s e m a t e r i a l s . In t h i s c h a p t e r a p r e l i m i n a r y s t u d i e s has been 
done t o e x p l a i n t h e enhance ion-exchange c a p a c i t y in terras of 
(1) three-dimensional skeleton comprising th ree d i f fe ren t elements, 
(2) pK values of acid anionic group incorporated in to the l a t t i c e 
s t r u c t u r e , and (3) pH t i t r a t i o n . The values so obtained are in 
good agreement with experimentally reported ion-exchange capac i t i e s . 
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EXPERIMENTAL 
Reagents; Zirconiiim(IV) bis (nitrate) oxide (3.D.H.), sodium 
selenite (3.D.H.) and orthophosphoric acid (B.D.H.) were used 
for the synthesis of ion-exchanger. All other chemicals were 
of analytical grade. 
Procedure; As reported in Chapter II. 
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RESULTS AND DISCUSSION 
A large number of ion-exchange materials of two - or three-
components have been reported in the literature. Details of 
their composition, preparation, pH and ion-exchange capacity have 
been summarized in Table 10 in the form of different sets, e.g., 
A, B, C, D, E and F. 
Set 'A' of Table 10 comprises zirconiiim arsenate, zirconium 
phosphate and zirconixim(IV) arsenophosphate. The three-component 
material Zr(IV) arsenophosphate sjmthesized by Berardelli and 
coworkers (7) showed a general behaviour in between Zr(HPO.)p.Hp0 
and Zr(HAsO.)2»H20. On the basis of X-ray powder diffraction 
pattern, the d-values of newly crystalline layered inorganic 
ion-exchange material showed a great similarity with those of 
a-Zr(HPO.)p.H20 and a-Zr(HA30•)2.H20 and therefore it was suggested 
that this material possessed an a-type layered structure. This 
hypothesis was supported by its ion-exchange behaviour and thermal 
behaviour based on differential thermal analysis. As a consequence 
of this, they suggested the formula Zr(HAs0.) (HP0.).H20 to the 
newly crystalline product and assign the first d-value of 7.73 A 
as the distance between the two adjacent zirconium atoms (dQQp). 
The titration curve and X-ray diffraction pattern for zirconium(IV) 
arsenophosphate suggested the tendency of the mixed exchanger to 
give solid solution because of the presence of in the lattice 
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layer of atoms (P and As) with analogous chemical characteristics 
with different dimensions. The substitution of P with As allows 
not only in the variation of ion-exchange and thermal properties 
but also strengthen of their acidic sites when employed as acid 
catalyst (7). Taking the example of Serardelli's newly crystalline 
inorganic product, we have tried to explain the increased ion-
exchange capacity of this product as well as the product synthe-
sized in this laboratory, i.e., zirconiiim(IV) selenophosphate 
and some other products reported in the literature assuming that 
all of them possessed a-type structure. 
In describing the structure of zirconium phosphate in terms 
of three-dimensional skeleton which composed of Zr, P and 0, 
Olearfield (19) suggested that each phosphate group is bonded to 
three different zirconium atoms through oxygen forming a sheet-
like structure. The remaining phosphate oxygen atoms bear the 
hydrogen atoms. Half of these P-OH groups are believed to form 
hydrogen bonds with phosphate oxygen atoms in the adjacent layers 
(P-O-H....0-P) and form a zigzag array of weak interlayers running 
parallel to the b-axis. The other half of the P-OH groups are 
thought to be hydrogen bonded to the water molecules to form 
/H 
interlayer bonds (P-OH 0 ). These difference in hydrogen 
^H 
bonding give rise to different acidities or ion-exchange 
sites for the two hydrogen atoms. The ion-exchange capacity has 
been measured as the amount of the total H"*" ions available from 
the two different interlayer bonds of P-OH groups. On the basis 
I l l 
of t h e above f a c t s , i t can be sugges ted t h a t in a d d i t i o n t o the 
two d i f f e r e n t P-OH groups ( C l e a r f i e l d concept) t h e r e should a l s o 
be a t h i r d exchange s i t e s ( i n case of three-component m a t e r i a l s ) 
formed by mixed i n t e r l a y e r bonds ( A s - O H , . . . 0 - P ) , whose e x i s t a n c e 
was suppor ted by mixed exchanger t o g ive s o l i d s o l u t i o n s ( 7 ) . 
The ion-exchange c a p a c i t y i s t h e r e f o r e a t o t a l c o n t r i b u t i o n from 
a l l t h e s e d i f f e r e n t exchange s i t e s . 
Now l e t P-OH and As-OH r e p r e s e n t dihydrogen phosphate (-H2P0^) 
and dihydrogen a r s e n a t e (-H2AsO^) groups cor responding t o the 
second d i s s o c i a t i o n cons t an t of t h e phosphor ic and a r s e n i c a c i d . 
The magnitude of t h e d i s s o c i a t i o n c o n s t a n t s of t h e s e groups a re 
(H^PQ- ^ . ^ -^ H"*" + HPO^~; Kj = 6 .2x10"^ and 
H2ASO4 V H"- + HAsO^-; K^ = 8.5x10"®) 
almost of the same o r d e r and t h e r e f o r e t h e hydrogen ions r e l e a s e d 
from t h e s e ion-exchange s i t e s should be equal t o the gum of t h e 
above two g r o u p s . The t o t a l hydrogen ions r e l e a s e d from a l l 
t h r e e d i f f e r e n t sou rces must be g r e a t e r than t h e hydrogen ions 
r e l e a s e d from t h e two ion-exchange s i t e s . The r e l e a s e of H ions 
from t h e s e two groups can be d i s c u s s e d as f o l l o w s : 
G a 3 e ( i ) ; When t h e d i s s o c i a t i o n c o n s t a n t s of t h e two ac id groups 
a r e of t h e same o r d e r of magnitude ( K ^ ^ ^ K i ) : The hydrogen ions 
r e l e a s e d from t h e s e two groups must be i n e q u i v a l e n t amounts so 
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that the total H'*' iona released be equal to the sum of the H 
ions from the two acid groups. If the exchangers contained only 
one acid group (Kp or Ki=0), hydrogen ions are expected only 
from the single group. 
Casedi): When the two dissociation constants are of different 
order of magnitude (K2>K^). The hydrogen ions released from 
the two acid groups apparantly are not in equivalent amount, 
however, the total hydrogen ions released is equal to the sum 
of the H"*" ions from the two acid groups (5/^  of H from Kp<(^ H 
from K'; H from K' can not be neglected). 
Gasedii): When the two dissociation constants are largely differ 
in magnitude (Kp^K'). The equivalent amount of hydrogen ion 
released from Kp is much greater than [H ] ions released from KX 
which is negligibly small value as compared to the large value 
and therefore can be neglected [5% H"^  from Kp ^ H^"^  from K'; H"^  
from Kp is neglected]. 
The contribution of H ions from the mixed interlayer bonds 
will be an addition to each of the above three cases. 
From the above discussion, one concludes that the P-OH and 
As-OH groups, hydrogen bonded to phosphate and arsenate respec-
tively should be the dominating sources for the displacement of 
hydrogen ions than the P-OH and As-OH groups bonded to water 
molecules. 
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The other two mate r ia l s in se t 'A ' , zirconium arsenate and 
zirconi\im phosphate which contain a s ing le ac id ic group are 
de f in i t e ly having smaller ion-exchange c a p a c i t i e s . 
Set 'B ' contains zirconium(IV) selenophosphate, zirconium 
phosphate and zirconium s e l e n i t e . The former has been synthesized 
in t h i s l abora to ry as a three-component ion-exchanger having a 
capacity of 1.51 meq/g. This mater ia l i s associa ted with two 
anions, i . e . , the ac id ic phosphate (-HpPO.) and ac id ic s e l e n i t e 
(-HSeO,). This mater ia l behaves in the same way as the mater ia ls 
of se t 'A ' . The P-OH group i s from acid phosphate groups (-H^PO.) 
present in the exchanger and i s equal to the second d i ssoc ia t ion 
constant of phosphoric acid (H2P0^ :^^=^ E^ + HPO^~; K^ = 6.2x10"®) 
Similar ly the Se-OH group i s from acid s e l e n i t e group (-HSeO,) in 
the exchanger and the re fo re , i s equal to the second d issoc ia t ion 
K' 
constant of se lenious acid (HSeO^ :^=^=^ H"^  + SeO?"; Ki = 5.0x10 ) 
The increase in ion-exchange capacity i s in accordance with case( i ) 
or ( i i ) as the values of K2 of two ac id ic groups are s l i gh ly 
d i f f e r e n t . The other two mate r ia l s of two-components have capa-
c i t i e s lower than the case discussed above and hence f i t t e d in 
c a s e d ) (K2 or K^ = 0 ) . 
Set ' C which comprises t in( lV) arsenophosphate, t i n phosphate 
and t i n arsenate behave in the same fashion as the mater ia l s of 
se t 'A ' . The increase in ion-exchange capacity i s in accordance 
with e i t h e r case ( i ) or case ( i i ) . 
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Set 'D' contains tin(IV) selenoarsenate, tin selenite and 
tin arsenate. The case of tin(IV) selenoarsenate associated 
with two acid groups, one apparant larger than the other 
K' 
(H2AsO~ ,^S^H'*+HA30^~; Z^ = 8.3xl0"^ and HSeO^ ^^^^^^H"^ + SeO^ ""; 
Ki = 5.0x10" ) can be explained in terms of case (ii). 
Set 'E' contains tin(IV) vanadophosphate, tin phosphate and 
tin vanadate. Vanadivun forms a number of vanadic acids, meta 
HVO,, meta H-,VO^  and pyro E^J^'j* these acids apparently do not 
exist in pure state. The increase in its ion-exchange capacity 
is in accordance with case (i) or case (ii). 
Set 'F' comprises tin(IV) tungstoarsenate, tin tungstate and 
tin arsenate. Several fairly strong acids of tungsten (pK 10" 
to 10 ) are possible from which several replaceable hydrogen 
atoms are expected (20). In tin(lV) tungstoarsenate, the contri-
bution of H ion from Kp of- H2AgO. may be neglected as compared 
to a large contribution of [H"*"] ions from K of acid tungstate 
groups. So the materials can be explained by case (iii). 
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CliAPTER - IV 
SYtlTHBSIS AND lON-EXgHANQE BEHAVIOUR OF NEW THRBE-COMPONENT 
ION-EXCHANGE MATERIAL;ZIRCONIUM(IV)lODOMOLYBDATE 
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INTRODUCTION 
S y n t h e s i s of new i n o r g a n i c i o n - e x c h a n g e r s i s a l w a y s of 
i n t e r e s t s i n c e t h e y a r e s p e c i f i c i n n a t u r e and can s o l v e 
d i v e r s e p r o b l e m s of a n a l y t i c a l c h e m i s t r y and o t h e r f i e l d s . 
Z i r c o n i u m p h o s p h a t e s a r e u s e d a s s o r b e n t s f o r NH^ r emova l i n 
p o r t a b l e r e n a l d i a l y s i s - u n i t s , i n a d d i t i o n t o t h e i r u s e i n t h e 
s e p a r a t i o n of m e t a l i o n s . Two-component i o n - e x c h a n g e r s have 
b e e n much s t u d i e d a s compared t o t h r e e - c o m p o n e n t i o n - e x c h a n g e r s . 
Z i r c o n i u m t i t a n i \ x m p h o s p h a t e , a c r y s t a l l i n e p r o d u c t , a r e p r e p a r e d 
by C l e a r f i e l d and F r i a n e z a (1 ) i n an a t t e m p t t o o b t a i n p u r e 
p h a s e s w i t h a c o n t r o l l e d i o n - s i e v e e f f i c i e n c y and t o improve 
t h e p o o r s t a b i l i t y t o w a r d s h y d r o l y s i s of t h e s i n g l e a - t i t a n i u m 
p h o s p h a t e . l o d o p h o s p h a t e s of t i n ( I V ) , z i r c o n i u m ( l V ) and i r o n ( I I I ) 
h a v e been s y n t h e s i z e d ( 2 , 3 ) and t h e i r i o n - e x c h a n g e b e h a v i o u r h a s 
been s t u d i e d . T i n ( l V ) i o d o p h o s p h a t e i s a m o n o f u n c t i o n a l weak 
c a t i o n e x c h a n g e r and h a v i n g an i o n - e x c h a n g e c a p a c i t y of 1 .60 
meq /g . Z i r c o n i u m ( I V ) p h o s p h o i o d a t e h a s been r e p o r t e d t o show 
a m p h o t e r i c b e h a v i o u r ( 4 ) b u t t h i s m a t e r i a l h a s been m a i n l y 
s t u d i e d a s an e l e c t r o n e x c h a n g e r . Amorphous a r s e n o p h o s p h a t e s 
of t e t r a v a l e n t m e t a l s ( 5 , 6 ) have been p r e n a r e d and s t u d i e d t h e i r 
i o n - e x c h a n g e b e h a v i o u r . T i n ( I V ) raolybdosilicate, a t h o r i u m -
s e l e c t i v e c a t i o n e x c h a n e e r . h a s been avnthfini-7.0^ stnt^ haAr-ino r.i-, 
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ion-exchange capaci ty of 0.65 meq/g in H form at 40 C. I t s 
ion-exchange capacity increases to 1.2 meq/g when the mater ial 
i s dried at 800°C ( 7 ) . Czibloly and coworkers (8) have prepared 
zirconium(IV) molybdophosphate and s tudied t h e i r ion-exchange 
p rope r t i e s . Zirconium(IV) molybdovanadate has been synthesized 
and found to be s e l ec t i ve for Li"^ and K"*" ions ( 9 ) . Nabi and 
coworkers (10) have synthesized Sn(IV) tungs tose lena te , a 
c r y s t a l l i n e ma te r i a l , which i s s e l e c t i v e for Th and Ce and 
suggested the following formula: 
[(Sn02)'7HSeO^(HWO^ )j^g]45H20. 
Titanium arsenomolybdate (11), a cation exchanger, i s studied 
for i t s ion-exchange behaviour with a high capaci ty of 1.48 meq/g. 
In t h i s chapter we descr ibe the preparat ion of zirconium(IV) 
iodomolybdate, i t s ion-exchange p rope r t i e s , heat treatment effect 
and the thermal s t a b i l i t y of the ma te r i a l . A comparative study 
has been made with two-and three-component ion-exchange 
ma te r i a l s . 
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EXPERIMENTAL 
Reagents; Zirconium(IV) bis (nitrate) oxide (B.D.H.), sodium 
iodate (E. Merk) and ammonium molybdate (Koch-light) were used 
for the synthesis of ion-exchange materials. All other chemicals 
were of analytical grade. 
Apparatus; Toshniwal (India) single electrode pH meter was used 
for pH measurement. A Bausch and Lomb Spectronic 20 colorimeter 
and a Perkin Elmer 137 spectrophotometer were used for spectro-
photometric and IR studies respectively. 
Synthesis: The general procedures for the preparation of 
zirconium(IV) iodomolybdate are as follows. 0.10 M aqueous 
solution of zirconium(IV) bi3(nitrate) oxide, 0.10 M aqueous 
solution of sodium iodate and 0,10 M aqueous solution of ammonium 
molybdate were prepared. The ion-exchange material is synthesized 
by adding aqueous solution of ammonium molybdate and aqueous 
solution of sodium iodate to an aqueous solution of zirconium(IV) 
bis(nitrate) oxide. The desired pH was adjusted by adding dilute 
HNO^ or NaOH solution. The gel so formed was allowed to settle 
down for 24 hours at room temperature, washed several times with 
distilled water to remove excess reagents and finally filtered 
under suction. The gel was dried at 40°C in an oven. The dried 
material was then treated with distilled water to break down the 
120 
gel. To convert the sample completely to H form, the material 
was kept 24 hours in 1.0 M HNO, solution. It was then washed 
with distilled water to remove excess acid and dried at room 
temperature. 
Ion-Exchange Capacity: The ion-exchange capacity of the material 
was determined by the column process. 0.50 gram of the exchanger 
was packed into a column to form an ion-exchange bed. It was 
washed with' distilled water to remove any excess of acid remained 
sticking on the particles. 250.0 ml of 1.0 M solution of 
different metal salts were passed through the column maintaining 
the flow rate 1 ml min . The effluent was then treated against 
a standard solution of NaOH. 
pH Titration; The titration of the exchanger material (sample 
ZIM-,) was carried out by the method of Topp and Pepper (12), 
equilibrating several samples of exchanger (0.50 g) with 50 ml 
of 0.10 M(KCl-KOH) solution. 
Chemical Stability; A half gram of exchanger material (ZIM^) 
was equilibrated with 50 ml of the solution of interest at room 
temperature and kept for 24 hours with occassional shaking. 
Zirconium, iodate and molybdenum released in the solution were 
determined spectrophotometrically using Alizarin Red-S (13), 
pyrogallol (14) and potassium thiocyanate (15) as colouring 
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reagents respectively. 
Chemical Composition; For the determination of chemical composi-
tion of sample ZIM,, 0.10 gram of exchanger was dissolved in 
concentrated HpSO. acid. Then the solution was diluted to 100 ml 
with distilled water. The zirconium was determined gravimetri-
cally (16) while iodate and molybdenum were determined spectro-
photometrically.(14,15). The mole ratio of Zr, I and Mo was 
found to be 3:1:4. 
Infrared Spectrum; Infrared analysis of•zirconium(IV) iodomolyb-
date was performed using ICBr technique. 
Thermal Treatement; Thermogravimetric analysis of the sample 
ZIM-. in H form was performed at a heating rate of 10 C rain" . 
To examine the effect of heating on the properties of zirconium 
(IV) iodomolybdate, the material was heated at different tempe-
ratures in a muffle furnace for one hour. 
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RESULTS AND DISCUSSION 
Table 11 d e s c r i b e s t h e p r e p a r a t i o n of samples of zirconium 
(IV) iodomolybdate . I t h a s been observed t h a t t h e ion-exchange 
c a p a c i t y of z i rconium(IV) iodomolybdate i s h i g h e r as compared to 
t h a t of z i rconium i o d a t e prepared under i d e n t i c a l c o n d i t i o n s . 
I t i s a l s o c l e a r from t h e t a b l e t h a t by i n c r e a s i n g t h e zirconium 
c o n t e n t s of t h e reacteui t in t h e mix tu re , t he ion-exchange caoac i t y 
of t h e m a t e r i a l i s i n c r e a s e d . Sample ZIM, i s chosen f o r f u r t h e r 
s t u d i e s owing t o i t s h i g h e s t ion-exchange c a p a c i t y and h i g h e s t 
chemical s t a b i l i t y . 
The ion-exchange c a p a c i t i e s f o r a l k a l i and a l k a l i n e e a r t h 
meta l ions are shown i n Table 12 . F i g . 11 shows t h e r e l a t i o n s h i p 
between ion-exchange c a p a c i t y and i o n i c p o t e n t i a l ( Z / r ) va lues 
of ingoing meta l i o n s . I t i s observed t h a t t h e ion-exchange 
c a p a c i t y i s l i n e a r l y r e l a t e d t o t h e i o n i c p o t e n t i a l s . According 
to Bom ( 1 7 ) , Kosse l ( 1 8 ) , Goldschmidt (19) and o t h e r s ( 2 0 ) , t he 
a t t r a c t i o n between an ions and c a t i o n s i n i o n i c c r y s t a l s , obeys 
Coulomb's law which demands t h a t f o r c a t i o n s of equal charge a 
small ion be a t t r a c t e d wi th a g r e a t e r f o r c e and he ld more t i g h t l y 
than a l a r g e i o n . Ion-exchange c a p a c i t y should dec r ea se with 
i n c r e a s i n g i o n i c r a d i i and i n c r e a s e with e l e c t r i c p o t e n t i a l . 
S t r ange ly enough they e x h i b i t a r e v e r s e r e l a t i o n s h i p . This i s 
s i m i l a r to t h e i n v e s t i g a t i o n s r e p o r t e d by Nachod and Wood (21) 
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for the exchange of a l k a l i and a lka l ine ear th metal ions on a 
carbonaceous z e o l i t e . Jeny (22) has also found tha t the r e l a t i v e 
degree of exchange of a l k a l i and a lka l ine ear th ions on co l lo ida l 
aluminium s i l i c a t e s i s l e s s fo r the ions with smaller (unhydrated) 
r ad ius . I t can be concluded from these p lo t s t ha t in the present 
system ^f i n v e s t i g a t i o n s , capaci ty i s pr imar i ly dependent upon 
the ionic p o t e n t i a l s of the ingoing ions . 
The effect of heating on the ion-exchange capaci ty of 
Zr(IY) iodomolybdate (Table 13) has been compared with t ha t of 
s imi la r ly t r e a t e d Sn(IV) iodophosphate ( 2 ) , Sn(IV) molybdoarsenate 
(25) and 3n(II ) molybdate (24) . The r e s u l t s are shown in Pig.12. 
The ion-exchange capacity of Zr(IV) iodomolybdate for K i s 
1.54 meq/g when the mateifial i s dried at 40°C. On increasing 
the drying temperature, the ion-exchange capacity of the mater ia l 
i s decreased and becomes n e g l i g i b l e at 600 C. 
The mate r ia l i s found to be f a i r l y s t ab l e in lower concen-
t r a t i o n s of mineral acids such as HCl, UNO-,, HpSO.. The sample 
i s also qui te s t ab l e in organic acids l i k e formic acid and ace t ic 
acid but i s completely dissolved in 2M IlaOH so lu t ion (Table 14) . 
The pH t i t r a t i o n curve (Fig . 13) shows one in f l ec t ion point 
which ind ica tes tha^ exchanger i s monofunctional. Here two 
proton-binding s i t e s are expected from the two anionic ^rouna 
associated with the matr ix. In order to examine the effect of 
to 
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TABLE - 14. Chemical stability of Zr(IV) iodomolybdate (sample ZIM^) 
in different solutions 
S o l u t i o n 
H2O 
0 . 1 M HGIO4 
0 . 5 M HCIO4 
1.0 M HCIO4 
0 . 1 0 M HNO^ 
0 . 5 0 M HNO^ 
1.0 M HNO^ 
0 . 1 0 M H2SO4 
0 . 5 0 M H2SO4 
1.0 M H2SO4 
0 . 1 0 M HGl 
0 . 5 0 M HGl 
1.0 M HGl 
1.0 M GH^COOH 
1.0 M HCOOH 
0 . 1 0 M KaOH 
0 . 5 0 M NaOH 
2 .0 M NnOH 
—^ • *-* * * * l ( i V / ^ l 
Zr(lV) 
r e l e a s e d 
mg/50 ml 
0 .00 
0 .00 
0 .28 
0.46 
0.00 
0 .00 
0 .50 
0 .00 
0 .91 
1.14 
0 .00 
0 . 9 8 
1.55 
0 .00 
0 .00 
3.15 
13.50 
Mo 
r e l e a s e d 
m^/50 ml 
0.00 
0 .28 
0.35 
0 .98 
0 .18 
0 .38 • 
0 .75 
0 .35 
0 .94 
1.60 
0 .00 
0.42 
0 .78 
0 .21 
0.14 
0 . 9 8 
6.10 
f^ r\ m Y\ 1 a 'I' c^ / I T f^e»/^TTi"^'"4 y^ >^ 
uuiiipxy ue QX330lu.0xon 
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r e l e a s e d 
mj^/50 ml 
0.00 
0 .38 
0.84 
1.32 
0.22 
0 .28 
0 .98 
0 .34 
0 .94 
1.78 
0 .18 
0 .68 
lo20 
0 .28 
0.22 
3.10 
5.65 
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12 r 
1 2 3 4 5 
OH added (meq/0-5g exchanger) 
Fig.13 p H - t i t r a t l o n curves of zirconium(IV) 
iodomolybdatei temperature of treatment 
• • • at 40°C , —X—X- at 100 °C and 
-Ct-ir-it at 250 °C. 
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the heat t reatment on the acid-base property of the exchanger, 
the t i t r a t i o n curves for K were measured as a function of pH. 
When the samples heated upto 100 G, the decrease in ion-exchange 
capacity i s 0.20 meq/g-dry exchanger at pH 6 .5 . At 250 G, the 
exchange s i t e s are much destroyed. 
The thermogram of Zr(IY) iodomolybdate in H from (Fig. 14) 
shows a continuous loss in weight upto 180 C which i s due to the 
l o s s of water molecules. The corresponding weight loss of 
exchanger i s 8.3%. The weight l o s s again observed from 200 to 
260°G which corresponds the t o t a l loss in weight i s 13.35%. At 
260°G, the ion-exchange capacity decreases to 47% of the or ig ina l 
value. The weight l o s s may be due to the formation of 12^5 S^^oup. 
Las t ly , the weight l o s s from 300°G to 600°G may be due to the 
condensation of OH groups and capacity at 600 G decreases to 90% 
of the s t a r t i n g value. After 600 G, the weight almost becomes 
constant and the capaci ty decreases to a n e g l i g i b l e value. 
The IR spectrum of Zr(IV) iodomolybdate i s given in Fig.15. 
A very strong peak in the region 3600-3000 cm may be due to 
the l a t t i c e water, f ree-water and free OH groups. Another peak 
in the region 1700-1500 cm" with a maximum at 1610 cm"-'- may be 
due to HOH bending. The bands at frequencies 1380 and 990 cm""^  
may be due to molybdate (25) . The iodate band f a l l s at frequencies 
800-700 cm"-^  (25) . 
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On the bas i s of pll t i t r a t i o n curve, ion-exchange capacity, 
chemical composition and thermogravimetric ana ly s i s , the follow-
ing t e n t a t i v e formula has been assij'Tied. 
[(ZrO)^(OH) (10^) (HMo04)4]^.nH20 
If we assume the weight due to the presence of water 
molecules in the gel i s 8.3/o of the t o t a l weight, the number of 
such molecules (n) per mole of the exchanger can be determined 
on the bas i s of A l b e r t i ' s equation (26) . 
Where x i s the percent water content and M + 18n, the molecular 
weight of the ma te r i a l . I t g ives the value of n as 5 .8 . If 
two hydrogen iohs are exchanged at pH around 6.^/:he ion-exchange 
capacity ca lcula ted from above formula i s 1.'38 meq/g which i s 
in accordance with the experimental value (1.54 meq/g). 
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CHAPTER - V 
SORPTION OF METAL IONS ON ZIRGONIUM(IV)IODOMOLYBDATE 
ION-EXCHANGER. SEPARATION OF 
Hg^ "^  FROM NUMEROUS METAL IONS 
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INTRODUCTION 
S t u d i e s in t h e f i e l d of i n o r g a n i c ion -exchanger s a re 
i n c r e a s i n g day by day due to t h e i r s e l e c t i v i t y and s t a b i l i t y 
under c e r t a i n c o n d i t i o n s . A n a l y t i c a l a p p l i c a t i o n s i n the f i e l d 
of s e p a r a t i o n s c i e n c e have been reviewed by Inczedy (1) and 
Walton ( 2 - 4 ) . Sepa ra t i on of uranium from numerous meta l ions 
has been r e p o r t e d us ing a column of i n o r g a n i c ion -exchanger 
( 5 , 6 ) . 
In t h i s c h a p t e r , we d e s c r i b e t h e s t u d i e s on d i s t r i b u t i o n 
c o e f f i c i e n t s of v a r i o u s c a t i o n s on z i rconium(IV) iodomolybdate 
c a t i o n - e x c h a n g e r as a f u n c t i o n of t h e c o n c e n t r a t i o n of formic 
2+ 
a c i d . On t h e b a s i s of K, v a l u e s , Hg has been sepa ra t ed from 
numerous meta l i o n s on a smal l column of z i rconium(IV) iodomo-
l y b d a t e . 
Mercury i s a v i r u l e n t p o i s o n . The element i t s e l f and i t s 
compounds a r e r e a d i l y absorbed through the r e s p i r a t o r y t r a c t , 
g a s t r o i n t e s t i n a l t r a c t , o r even t h e unbroken s k i n . Soluble 
mercury s a l t s have a v i o l e n t c o r r o s i v e e f f e c t on t h e sk in and 
p a r t i c u l a r l y on the mucous membranes. The h igh t o x i c i t y of 
mercury and i t s p resence in many unsuspec ted sou rces have prompted 
many workers t o recommend methods t o e l i m i n a t e t h e sources of i t s 
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contamina t ion o r to reduce i t s c o n t e n t s maximal ly . In r e cen t 
y e a r s t h e r e has been c o n s i d e r a b l e i n t e r e s t f o r deve loping 
methods f o r t h e removal of mercury from aqueous s o l u t i o n s . 
Tanaka and coworkers (7) have used t h e c h e l a t i n g r e s i n f o r the 
c o n c e n t r a t i o n and c o l l e c t i o n of heavy m e t a l s . Thio l group i s 
used as a c h e l a t i n g group on t h e r e s i n because of i t s s e l e c t i v i t y 
2+ 
and a b i l i t y to reform s t a b l e c h e l a t e s . The Hg adsorbed can 
only be r e l e a s e d almost comple te ly by concen t r a t ed h y d r o c h l o r i c 
a c i d . Moyers and F r i t z (8) have develooed h e x y l t h i o g l y c o l a t e 
r e s i n t h a t has been used t o c o n c e n t r a t e c e r t a i n metal ions from 
aqueous s o l u t i o n and f o r column chromatographic s e p a r a t i o n of 
2+ Hg from v a r i o u s meta l i o n s . A s y s t e m a t i c s tudy of t h e behaviour 
of metal i o n s on DEAE (9) ( d i e t h y l a m i n o e t h y l c e l l u l o s e ) in 
t h i o c y a n a t e media r e v e a l s t h a t very few metal i o n s show any 
2+ 
marked a d s o r p t i o n on DEAE whi le Hg e x h i b i t s a pronounced 
2+ 
a d s o r p t i o n . The behav iou r a l l ows t h e s e p a r a t i o n of Hg from 
about 40 meta l i o n s . Gupta and Tandon (10) have s t u d i e d the 
d i s t r i b u t i o n c o e f f i c i e n t s of Zn "^*", Cd^"^, Au^"^, Hg^"^, Tl"** and 
Tl between Amber l i t e IR-120 ca t ion -exchange and Amberl i te 
2+ 2+ 
IR-400 anion-exchange r e s i n s . Hg i s s e p a r a t e d from Zn by 
c a t i o n or anion exchange in 90% MeOH-0.6 M M O , o r THP-0.6 M UNO, 
r e s p e c t i v e l y . In a d d i t i o n to t h i s , i n o r g a n i c ion-exchangers a re 
mainly used because of t h e i r g r e a t e r power to w i th s t and h i g h e r 
r a d i a t i o n doses and t e m p e r a t u r e s than t h e commonly used o rgan ic 
139 
baaed r e s i n s . Geric antiraonate, inorganic ion-exchanger, i s 
2+ 
more or l e s s spec i f i c for Hg , which has been separated from 
closely associated elements such as Zn "*", Gd ^, Pb "^  and from 
Tl which i s of i n t e r e s t in nuc lear r ad ia t ion s tud ie s (11). 
3n(IV) tungstoarsenate column (12) has been u t i l i z e d for a 
successful separa t ion of Hg^'*'-Pb^'^ and Ga^'^-Al^'^. Th(IV) 
phosphosi l ica te (13) i s a mercury s e l ec t i ve cat ion exchanger 
2+ and used for the separa t ion of Hg from some syn the t i c amalgam 
s o l u t i o n s . 
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EXPERIMENTAL 
Reagents: Zirconium(IV) bis(nitrate) oxide (B.D.H.). sodium 
iodate (E. Merk) and ammonium molybdate (Koch-light) were used 
for the synthesis of ion-exchange material. All other reagents 
and chemicals were of analytical grade. 
Synthesis; As reported in Chapter IV. 
Distribution Coefficient: The distribution coefficients, K,, 
were determined in the various concentrations of formic acid 
as follows. 
A quarter gram of exchanger in H"^  form (50-100 mesh) was 
treated with ZxlO'^ M^ metal salt solution in 25.0 ml of different 
concentrations of formic acid (0.10-0.60 M) in 250 ml Erlenraeyer 
flask. The mixture was then allowed to stand until the concen-
tration of cation in the supernatant solution became constant 
(about 24 hours). The amount of metal species left in the 
solution was then determined by titrating against the standard 
solution of EDTA. The K, values, expressed in mlg~ , was calcu-
lated in the usual manner. 
Separation of Metal Ions; Quantitative separation of metal ions 
were achieved on a 0.6 cm diameter (i.d.) glass column using 
2.0 gram exchanger (50-100 mesh) in H"*" form. A metal ion mixture 
was transferred into the exchanger column. A flow rate of effluent 
was maintained at 1 ml min~ throughout the elution process. 
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RESULTS AND DI30U33I0N 
-4 In this study, the metal ion concentration 2x10 M is 
used, for the comparison of the K, values, which is very low 
as compared to the ion-exchange capacity of the material. The 
concentration range of formic acid (solute concentration) is 
chosen from 0.10 M to 0.60 M. Distribution coefficients are 
determined by talcing ion-exchange material, zirconium(IV) 
iodomolybdate (50-100 mesh) in H"^  form, equilibrating with a 
constant meteO. ion concentration in different solute concen-
trations at 25 + 2°C. The results are shown in Table 15. The 
results of these studies suggest that the ion-exchange material 
is regarded to be loaded partly with the metal ions, partly with 
cation complex ions formed with formic acid and partly with 
hydrogen ions. Here we assume that no neutral or anionic 
complexes are sorbed on the exchanger. The different K, values 
of different metal ions (high, low and constant) in different 
solute concentrations further elaborated the results as follows. 
(i) High K, Values for Hg : Hg forms a coordinately saturated 
metal complex ion in the solute concentration range 0.10-0.20 M 
and therefore it is highly absorbed on the exchanger. 
(ii) Constant and Low K, values of Certain Metal Ions: K, values 
^•p T3 2+ r> 2+ «„2+ r~2+ rT+ r~2+ „,2+ .,3+ 7Z2+ „^2+ „„, of Ba , Ca , Mg , Sr , Cu , Zn , Ni , Al , Co , VO and 
2+ Mn are almost constant and very low in the solute concentration 
<D 
-P 
a 
n 
,Q 
>> 
H 
o 
e o X) 
o 
•H 
"> 
M 
•H 
C3 
O 
o 
n 
•H 
tsi 
fl 
o 
CO 
d 
o 
•H 
'^ 
+» 0 
s 
t H 
o 
—^^  
w 
H 
S 
"-^  
CD 
+> fl 0 
•H 
O 
•H 
<H 
<H 
0) 
O 
O 
ti 
o 
•H 
-P 
0 
^ 
•H 
^ 
•P 
CO 
•H 
O 
s. 
O 
«X) 
• 
o 1 
o H 
• 
o 
> ^ . ^ 
s 
O 
•H 
-P 
oJ f^  
- p 
d 
d o 
o 
Q) 
• P 
H 
o 
+» d 
u 0) 
«H 
•H 
d 
•r< 
O 
O 
C\J 
+ 1 
i n 
eg 
- p 
es 
_^^  
^ 
CD 
0 
a 
o 
o 
H 
1 
o m 
• — ' 
^ - s 
TJ 
•H 
O 
C« 
o 
•H 
g 
O 
<H 
LTN 
H i 
EH 
d T ( 
O - H 
•rl 
-P 
•P 
d 
o 
o 
ce 
o 
U 0 
O pi 
d ^ H 
O 0 
O CO 
H cd 
^ 0 
«H CU) 
0 d 
CO ro 
o o 
• O 
o o 
'sJ- O 
• o 
O W 
o o 
CNJ O 
. o 
o w 
-<t 
(M 
H 
00 
r<^  
H 
i r \ 
x ^ 
o 
g 
MD 
Lr> 
CT^  
v£) 
l > 
r A 
H 
o 
00 
i r \ 
CO 
H 
I^-
""^  
H 
t<A 
K^ 
t ^ 
o o 
H O 
. O 
o m 
CO 
d 
o 
•P 
0 
o 
o 
H 
o 
I 
o 
o 
S S 
o 
H 
• 
o 
1 
O 
O 
H 
• 
O 
i n 
O 
O 
H 
• 
o 
s 
in 
O 
O 
H 
• 
O 
s 
in 
O 
O 
H 
• 
o 
S 
O 
o o o o 
"ci-
VJD 
CO 
o 
H 
H 
t<^ VD 
LfN 
i n 
00 
rn 
".D 
i n 
H 
H 
H 
CM 
O 
o 
H 
I> 
00 
00 
ro 
-ti-
in 
CM 
- > * • 
CT^ 
in 
v£) 
m 
r-
C\J 
VO 
in 
H 
fn 
H 
C^ 
vx> 
V£) 
CM 
H 
H VD ro i n 
i n 
CM 
i n 
' ' t 
o (T> 
00 
H 
O 
CM 
CO 
H 
C^ 
H 
<£) 
•<t 
CM 
CM 
i n 
00 
H 
+ + + + + + + + + 
C M C M C M C M C M C M C M C M C M 
c d t ^ D f - l c ^ 5 ' i c ^ D d ' t f • ^ ^ 
o i s l c o p n o w N o t q 
+ 
CM CM 
O 
t.3 
142 
H C\J fn i n vo 00 CTN 
o 
« 
•H 
+» 
O 
O 
in 
H 
I 
0) 
H 
• ^ 
EH 
O -rl 
• H 
OS 
- P 
O 
O 
OS 
o 
o p( 
o o 
O CQ 
H rt 
® cj 
m c3 
o o 
vo O 
. o 
O W 
o o 
• o 
O K 
o o 
CM O 
• o 
o w 
o o 
H O 
• o 
o w 
CQ 
o 
•H 
o 
CO 
CM 
r^^  in 
CM 
00 r-
o 
H • 
O 
1 
1 
o 
o 
• 
o 
1  
o 
o 
• 
o 
1  
S 
o 
O 
ITS 
• 
O 
1 1 
o 
H 
• CM 
H 
C\J 
• CM 
o 
« 
o 
o 
H 
CM 
• C3> 
a> 
• H 
VO 
• ^ 
t<^ 
• H 
t<A 
00 LTV 
H 
CM 
CM 
H 
CM 
H 
H 
T f 
C\J 
CM 
cn 
o 
o 
H 
to H cn 
V£) K\ 
CM 
• ^ 
KO 
CM 
VD 
CM 
H 
H 
i n 
H 
in CM CM 
t-^ 
i n 
00 
H 
i n 
O 
t n 
r-KN 
H 
i n 
tr-
H 
+ 
tn + + + + C\J CM -51- CM 
o o ^ c 
O | > EH ^ 
+ + 
tn tn 
CM 
H 
tn in 
H H H 
143 
144 
range 0.10-0.60 M. The low K, values may be due to the fact 
that the solute concentration range is not favourable for 
these metal ions to form coordinately saturated metal complex 
ions. 
(iii) Low K, Values with Decreasing Trend: K, vilues of IJO2 , 
La , Pe and Th are found to be of decreasing order as the 
concentration of the solute increases. In the lower concen-
tration of the solute (say approximately 0,10 M), these metal 
ions are insufficient to form coordinately saturated metal 
complexes whis are sorbed by the exchanger. UOp , ^ e > La 
4+ 
and Th may form coordinately saturated neutral complexes at 
higher concentrations of the solute that would not be sorbed on 
the exchanger. 
2+ Hg is strongly adsorbed on the exchanger, hence a 
2+ quantitative separation of Hg from numerous metal ions has 
been successfully achieved on a small column of zirconium(IV) 
iodomolybdate. The results are shown in Table 16 and the elution 
profiles are given in Fig. 16-20. 
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TABLE - 16. Separation of metal ions achieved on zirconium(IV) iodo-
molybdate columns 
3. Separations 
No. achieved 
Amount 
loaded 
mg 
% of metal Volume of 
ions eluted effluent 
Eluent used 
1. 
2. 
3. 
5. 
6. 
7. 
8. 
9. 
10. 
Gu 
Hg 
Ni 
Hg 
Zn 
Hg 
Th 
Hg 
Cd 
Hg 
VO 
Hg 
Ba 
Hg 
Mg 
Hg 
Mn 
Hg 
Fe 
Hg 
2+ 
2+ 
2 + 
2+ 
2+ 
2+ 
4+ 
2+ 
2+ 
2 + 
2 + 
2+ 
2+ 
2+ 
2+ 
2 + 
2 + 
2 + 
3+ 
2 + 
0.3685 
1.1572 
0.2795 
1.1572 
0.3072 
1.1572 
0.2889 
1.1572 
0.5575 
1.1572 
0.2530 
1.1572 
0.6675 
1.1572 
0.1274 
1.1572 
0.2999 
1.1572 
0.2457 
1.1572 
98.9 
98.1 
98.7 
97.8 
98.7 
98.1 
98.2 
97.8 
97.9 
97.8 
96.4 
97.4 
98.8 
98.1 
98.1 
97.8 
.98.5 
97.A 
98.5 
98.1 
80 
60 
50 
60 
60 
60 
40 
60 
60 
60 
60 
60 
60 
60 
60 
60 
50 
60 
50 
60 
0.10 
1.00 
0.10 
1.00 
0.10 
1.00 
0.50 
1.00 
0.10 
1.00 
0.10 
1.00 
0.10 
1.00 
0.10 
1.00 
0.50 
1.00 
0.50 
1.00 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
M HGOOH 
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ABSTRACT 
Zirconium(IV) selenophosphate has been prepared by adding 
a mixture \ ^ i c h I s O.O^M in sodium s e l e n l t e and 0,03M In o r tbo-
phosphoiMc acid to a 0.05M solu t ion of zirconl\ai(IV) b i s ( n i t r a t e ) 
oxide in diffextent volume r a t i o s a t | ^ 1. I t s ion-exchange 
capac i ly , tfaennal and chemical s t a b i l i l y , idi t i t r a t i o n curves 
and ch^nical composition were s tudied. Adsorption of some of the 
metal ions i n d i f f e r en t solvent systems has been s tudied . The 
ef fec t of p a r t i c l e s i z e on the sorption behaviour of metal ions 
has a lso been s tud ied . The ana ly t i c a l Importance ,of t h i s mate-
r i a l has been demonstrated by achieving the eleven quaternary 
separa t ions of metal i ons , A comparison of ion-exchange proper-
t i e s of t h i s ma te r i a l has a l so been made with some other i o n -
exchangers. 
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INTRODUCTION 
The most in t ens ive ly studied group of syn the t i c 
inorganic ion-exchangers a r e the ac id ic s a l t s of oni l t ivalent 
metals ( e spec ia l ly quadrivalent metals) prepared in combination 
with the anions of phosphate» arsenate e t c . as two-component 
ion-exchangers ( 1 , 2 , 3 ) , Hiree-component inorganic ion-exchangers 
which cons i s t of a combination of zirconium phosphate compound 
with other organic or inorganic s a l t s such as zirtx>nium a r s ena t e , 
molybdate, t u n g s t a t e , t e l l u r a t e , oxa la te , s i l i c a t e e t c . have been 
prepared. Attempts were made to increase the ion-exchange capa-
c i t y by increas ing degree of polymerization of the component 
mater ia l s ( 4 ) , However, a higher content of polyphosphate in the 
exchanger i s considered to ef fec t the k ine t i c s of absorpt ion (5) 
and there fore , the condit ions a re s e t within optimum l i m i t s (6 ) , 
A study of ttie l i t e r a t u r e shows the preparat ion of a la rge zximber 
of three-component ion-exchangers with increased ion-exchange 
capacity and s e l e c t i v i t y of these mater ia ls (7-16) . In t h i s 
manuscript, we descr ibe the px*oparation and i>roperties of z i r c o -
niiandV) selenophosphate. Some a n a l y t i c a l l y important separa t ion 
of metal ions of quaternary systems have been successful ly 
achieved. 
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EXPERIMENTAL 
Reagentst Zirconium(IV) b i s ( n i t r a t e ) oxide (B.D.H,), sodium 
s e l e n i t e (B.D.H.) and orthophosphoric acid (B.D.H.) were lised for 
the synthesis of ion-exchangers. Al l o ther chemicals were of 
a n a l y t i c a l grade. 
Apparatus: An El ico model Ll-10 jiH meter was used for pH 
measurement. A Bausch and Lomb Spectronlc 20 colorimeter and a 
Perkin Elmer 137 spectrophotooeter were used fo r spectrophoto-
metr ic and IR s tud ies respec t ive ly . An e l e c t r i c temperature-
cont ro l led shaker (SICO) was used for shaking. 
Synthesis : Samples of zirconium(IV) selenophosphate ion -
exchangers were synthesized by adding an aqueoiis so lu t ion which 
i s 0.05M (1M" 1 mol dm*"') i n sodium se l en i t e and 0.05M in or tho-
phosphoric ac id to an aqueous solut ion of zirconium(IV) b is 
( n i t r a t e ) oxide . The desired pH was adjusted by adding d i lu t e 
HNO^  or NaOH so lu t ion . The gel so formed was allowed to s e t t l e 
down for 24 hours , washed severa l times with demineralized water 
to remove excess reagents and f i n a l l y f i l t e r e d under suc t ion . 
I t was then dr ied a t 40°C for 7 days in an oven. The dried 
mater ia l was then t rea ted with demineralized water , which resul ted 
i n cracking of the substance in to smaller p a r t i c l e s with s l i ^ t 
evolution of hea t . To convert the sau^sle i n to H"*" form, the mater ia l 
- 4 -
was kept fo r 24 hours in 1,0M HNO, so lu t ion . I t was than washed 
with deminieral ized water to remove excess a c i d . 
Ion-Exchange capaci ty: A half gram of the e x c h a n ^ r in H 
form was taken in to the column with the glass wool support . One 
molar so lu t ions of d i f f e r e n t u n i - and b iva l en t metal s a l t s were 
passed through the column and the H ion l i b e r a t i o n capacity was 
determined as usual (17)* The ion-exchange capac i t i e s thus 
determined were therefore those a t neu t ra l pH condit ions 
(pH 6 . 5 ) . 
Chemical s t a b i l i t y : A 0,50 gram exchanger mate r i a l (ZSP^, 
Table 1) vas equi l ib ra ted with 50 ml of the so lu t ion or solvent 
of i n t e r e s t a t room temperature and kept fo r 24 hours with 
occasional shaking. Zirconium and selenium in the solut ion was 
determined spec-txophotanetrically using Al iza r in Red-5 (18) and 
3,3*,4,4»-tetraaminobiphenyl te tmhydrochlor ide (19) as colouring 
reagents r e spec t ive ly . The phosphate was determirjed t i t r i m e t r i -
ca l ly (20) . 
pH-Titrat ion: pH- t i t r a t i ons for NaCl-NaOH and KCl-KOH systems, 
(using 0.1M solu t ion of NaCl and KCi each) of sample Z3P^ were 
performed by the method of Topp and Pepper (21) , 
Thermal t reatment: Thermogravimetrie ana lys i s of sample ZSP^  
i n the H form was performed a t a heat ing r a t e of 10°C/min, To 
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examine the effect of drying temperature on the ion-exchange 
capacity the materials were heated at different temperatures in 
a muffle furnace for one hour. 
Chemical composition; For the determination of chemical composi-
tion of zirconium(IV) selenophosphate sanqple ZSP^, 0.10 gram of 
exchanger was dissolved in hot concentrated sulfuric acid. Then 
the solution was diluted to 100 ml with \vater. Zirconium and 
selenium were determined gravimetrically (22,23) while phosphate 
was determined titrimetrically (20), The mole ratio of Zr, Se and 
P was found to be 5.06: 2,0: 4,05. 
Infrared spectrum; Infrared analysis of zirconium(IV) seleno-
phosphate was performed using KBr technique. 
Distribution coefficient: The distribution coefficients of 
metal ions in various aqueous solutions were determined, A 
quarter gram of exchanger in H form (30-50, 50-100, 100-150, 
-A 150-200 mesh sizes) was treated with 25.0 ml of 2,0 x 10 M 
metal salt solution in 250 ml Erlenmeyer flask. The mixture 
was then shaken for 6 hours at 25 + 2 C in a shaker incubator. 
The amount of metal species left in the solution was then deter-
mined by titrating against the standard solution of EDIA, The 
Kd values were calculated according to the formula, 
Kd » m.moles of metal species/gram of exchanger 
m,moles of metal species/ml of the total 
volume of the resultant solution. 
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Separat ion of metal lonst Quantitativo separa t ions of oota l 
ions were achieved on a 0»6 cm diameter ( i . d , ) g lass column using 
2 ,0 eram exchanger (50-100 mesh) in H form, A metal ion mixture 
was poured on the top of tho column. The flow r a t e of the eff luent 
was maintained a t 1 ml min thzt>ughout the e l u t i o n process . 
RESULTS AMD DISCUSSION 
Table 1 describes the preparat ions of san5)les of Zr(IV) 
selenophosphate. I t i s apparant from the t ab le t h a t the ion* 
exchango capacity of the mixed s a l t i s g r ea t e r when coapared 
with other siciplo s a l t s such as zirconium j^iosphate and zirconium 
s o l e n i t e . The ion-exchange capac i t ies for a l k a l i and a lka l ine 
ea r th metc^ls are ohovm in Table 2, I t i s d ^ i r from the table 
t h a t the Cipaclly increases v;ith the decrease of hydr^ted ion ic 
r a d i i for both the a l k a l i and a lka l ine ea r th meta ls , 
Ihe e f f ec t of heat ing on the ion-exchange 'capaci t ies of 
Zr(IV) selenophosphate and other ion-exchange mater ia ls (5,13,15) 
a t d i f f e ren t tenpera tares has been shown in Fig , 1 and i n t e r -
preted. A 300°C, 500°C and 600°C, the decreasing orders of the 
ion-exchange capac i t i e s are ^Zr ( r / ) s e lonophospha te , Sn(IV) 
se lenoarsena te , Sn(IV)soleni te , Cr ( I I I ) arsenophosphate, Sn(IV) 
a r senophospha te^ , ^ J n ( I V ) 3 o l e n i t e , Sn(IV)selenoar3enate, Zr(IV) 
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selenophosphatap Cr(III)arsenophosphate, 3n(IV)arsenopho3phc:t8j'' 
and ^Sn(lV)selenoajraenat0, 3n(IV)sQlenlt8, Zr(IV)selmiopho3phate, 
Cr(III)ar3enophospihate, Sn(IV)ar®enoi^o3phate_7 r e spec t ive ly . 
The ion-exchange capacily of Zr(IV)selenophosphate fo r K was 
found to be 1»51 meq/g when the sample was dr ied a t 40°C« However, 
a decreasing trend in ion-exchange capac i t i e s was observed viiien 
the drying temperature was elevated* The ion«exchange capacity 
became neg l ig ib l e i . e . , C,05 n»q/g a t 700**C. 
I t i s apparent from !Z^ble 3 t h a t Zr(IV}seleiu>pho8phate 
i s qui te s t ab l e in water* I t i s fiairly s t a b l e in d i l u t e mineral 
ac ids such as hydrochloride acid^ perch lor ic a c i d , n i t r i c acid 
and su l fu r i c a c i d , "Die n a t e r i a l i s a l so f a i r l y s t a b l e in 
organic ac ids l i k e formic ac id , oxal ic acid^ a c e t i c ac id , c i t r i c 
acid and t a r t a r i c acid and in or0]inic solvents such as e thanol , 
1-lHitazu>l» DflSO and dioxane but i s h i ^ a y soluble in 2H sodiiM 
hydroxide. 
The t i t r a t i o n curves with added s a l t s have been ahown 
in Fig , 2 , The curve in the pres^ace of added sodium s a l t showed 
a s l i g h t d i f ference from t h a t in the presence of potass lua s a l t 
and the ion-exchange capac i t i e s calculated from "^ese curves 
a r e 1,20 m q / g and 1,30 aeq/g for sodium and potassivm s a l t s and 
those obtained from colxusa operation a re 1,23 meq/g and 1,31 meq/g 
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r e spec t ive ly . Further the t i t i ra t ion curves showed a monofunctional 
behaviour of the exchanger, 
Be ra rde l l i and coworkers (24) have synthesized a s ingle 
c r y s t a l l i n e phase, a layered mixed inorganic ion-exchanger, 
2r(HAsO^)(HP0 ),H20, containing two anions . The X-ray d i f f rac t ion 
s tudies and d i f f e r e n t i a l thermal analys is of the c r y s t a l l i n e product 
showed a g rea t s i m i l a r i t y with those of c<-Zr(HP0^5^H20 and 
o<-Zr(HAsO. X.HpO and possessed an i n t e r l a y e r spacing of 7,73A 
intermediate between those of the l a s t two compounds. I t was, 
therefore , concluded t h a t the mixed c r y s t a l l i n e px\)duct possessed 
an c<-type layered s t r u c t u r e . Taking the example of t h i s product 
we have t r i e d to explain the increased ion-exchange capacity and 
t e n t a t i v e l y extending th i s concept on synthesized ma te r i a l , 
zirconium(IV)selenophosphate (assuming t h a t i t possessed ah o(-type 
layered s t r u c t u r e ) . I t s ion-exchange capacity was reported to be 
5,80 meq/g. In descr ibing the s t ruc tu re of zirconium phosphate in 
terms of three-dimensional skeleton which compose4 of Zr, P and 0 , 
Clearf ie ld (25) suggested t h a t each phosphate group i s bonded to 
three d i f f e r en t zirconium atoms through oxygen forming a shee t -
l i k e s t r u c t u r e . The remaining phosphate oxygen atoms bear the 
hydrogen atoms. Half of these P-OH groups are believed to form 
hydrogen bonds with phosphate oxygen atoms in the ad;)acent layers 
(P-O-H 0-P) and form a zigzag array of weak in t e r l aye r s 
running p a r a l l e l to the ^ - a x i d . The o ther half of the P-OH 
- 9 -
groups are though to be hydrogen bonded to the water Eoleculea to 
form Interlayer bonds (P-OH ——.- 0 „^ ^ ), These diffex^ ences in 
H 
hydrogen bonding give r i s e to diffQi*Gnt a c i d i t i e s o r ion-exchange 
s i t e s for the two hydrogen atozns. The ion-exchange capacity has 
been measured as the amount of the t o t a l H ions ava i l ab le from the two 
d i f f e ren t i n t e r l a y e r bonds of P-OH groups. In case of t h r e e -
component mater ia l s e . g . , 2r(H430^)(HP0^),H20, X-ray d i f f r ac t ion 
s tud ies revealed the existance of a mixed exchanger to give so l id 
so lu t ions because of l^c presence in the l a t t i c e l aye r of atoms 
(P arid As) with analogous chemical c h a r a c t e r i s t i c s bu t with d i f fe ren t 
dimensions, noreoVQr, the subs t i t u t i on of P with As provided strength 
of xhQir a c id i c s i t e s tirtien employed as acid c a t a l y s t s (24) , On the 
bas i s of these s t u d i e s , i t can be suggested t h a t in addi t ion to tiie 
t\,'0 d i f f e ren t P-OH groups there should a l so be a th i rd exchange 
s i t e ( in case of three-con^wnent mater ia l s ) formed by mixed i n t e r -
l aye r bonds (As-OH , , , , , 0 - P ) , whose exis tance was supported by 
mixed ion-exchanger to give so l id so lu t ion . The ion-exchange capa-
c i t y i s therefore a t o t a l contr ibut ion from a l l these d i f fe ren t 
exchan£« s i t e s . Now l e t P-OH and As-OH represent dihydrogen phosjriiate 
(-H2P0^) and dihydrogen arsenate (-H^AsO^) groups corx^sponding to 
the second d i s soc ia t ion constant of the phosphoric and eursenic a d d . 
The magnitiKie of the d i s soc ia t ion constants of these groups 
(HgPO;; -^^ ^ H ' ' ^ HPO^", Kg - 6.2x10"® and HgAsO^" : ^ = ^ H ' ' + 
*iAsO^ " I K^ - 8,3 x 10"®) are almost of the same order and therefore 
10 -
the hydrogen ions released from these ion-exchange s i t e s shoiild be 
the sum from the above two groups. The t o t a l hydrogen ions released 
from a l l three d i f f e r en t sources must be g rea te r than the hydrogen 
ions released from the two ion-exchange s i t e s . 
The IR spectrum of Zr(lV)selenophosphate shows the presence 
of usua l c h a r a c t e r i s t i c groups such as l a t t i c e water , f ree water 
and phosphates a t corresponding frequencies . On the other hand, 
the separate i den t i t y of -SeO, group i s indicated by a s t rong band 
a t a frequency of 720 cm" (26) . 
The combined s tudies of thermogram of Zr(IY) selenophosphate 
in H* form (Fig. 3) and i t s exchange capacity a t d i f f e r en t tempera-
tures compared witli other exchange mater ia l s (Fig, 1) reveal some 
i n t e r e s t i n g r e s u l t s . At 200°C about 8.e?6 of the t o t a l capacity i s 
l o s t due to the loss of water molecules and s t a r t of the formation 
of pyrophosphate groups. The corresponding weight loss of exchanger 
i s about 2,58%, At 560°C, there i s a complete conversion to pyro-
phosphate with a decrease in capaci ty equal to 736 of the s t a r t i n g 
value and the corresponding w e i ^ t loss i s about 4 ,6^ , Further 
decrease in capacity oay be a t t r i b u t e d due to the condensation of 
-HScO^ group to (Se20^)H20. After 800°C the weight becomes cons-
t a n t and the capacity decreases , i a 96?6 of the o r ig ina l value . 
On the basis of the excliange capac i ty , pH t i t r a t i o n curve, 
chemical composition and thermogravimetric a n a l y s i s , the following 
formula for Zr(IV)selenophosphate i s t e n t a t i v e l y suggested. 
r (Zr0)5(OH)^(HSeO3)2(H2P0^)^^. 2nH20 
.'"s 
O 
O 
^ - r f -
W 
It 
o 
—• 
•*-' 
r 
o^  
^ 
$ 
8 
7 
6 
5 
4 
3 
2 h 
TOO 300 500 700 900' 
Temperature (**c) 
Fig. 3 Thermogram of 2r ( IV ) = 
Selenophosphate in H form 
- 11 « 
If i t i s a s smed tha t the w e l ^ t l o s s (2.58?^) up to 200**C 
i s due to the reiooval of water molecules« then tho number of 
water molecules (n) per molecule of exchanger, calcxalated from 
the formula given by A l b e r t ! (27) i s 2 , I f two hydrogen ions in 
the t en t a t i ve formula above a re exchanged a t pH 6,5t the i o n -
exchange capaci ty ca lcula ted from the above formula i s 1,55 meq/g 
which i s in accordance with the experimental value (1*51 me<i/g). 
The mole r a t i o of Zr^ 3e and P« which i s ca lcula ted from the above 
formula i s found t o be 5*0<»t2«00t4,01, 
I t i s c l e a r from Table A t h a t the Kd values vary with 
the composition and the nature of the contac t ing so lu t ion . The 
Kd v&lue for Th "^  i s very high showing a high a f f i n i t y of Zr(IV) 
selenophosphate t o Th , whertias the ra re ea r th metals are l e a s t 
s t rongly adsorbed in alciost a l l the so lu t ion systems s tud ied . An 
increase in the concentrat ion of xaitric acid has s i^Aif leant effect 
24. 5+ 
on the ad3oz*ption of 1% and Fe but has a l i t t l e e f fec t on the 
earth 
behaviour of rare^metals. Kd values are increasing as the mesh size 
of the exchanger increases (Table 5). d e sorption studies on Zr(IV) 
selenophosphate for differ'ent metal ions reveal some impoz*tant sepa-
rations. As a result^ eleven quaternary separations were performed 
by using small column (30 cm Ittjgth and 0.6 cm Intenml diameter) 
of Zr(IV)selenophosphate. Results are summarized in Table 6. The 
elution profiles are shown in Fig. 4 (a-c). 
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TABLE 6 Separat ions of metal ions achieved on 2irconiuni(IV) 
selenophosphate columns. 
No. 
1 
2 
3 
k 
5 
6 
Separation 
achieved 
Y3* 
J 
ih' '* 
Pb2* 
Fe5* 
Pb2* 
Pb^* 
Pb2* 
Amount 
loaded 
yUg 
138 
24 
190 
49 
132 
280 
190 
177 
58 
24 
186 
49 
94 
280 
190 
177 
242 
280 
190 
177 
381 
280 
190 
177 
% of metal 
ions elut&d 
99 
100 
96 
98 
100 
100 
97 
92 
98 
100 
98 
98 
97 
99 
96 
93 
99 
100 
96 
, 92 
99 
99 
97 
93 
Volume of 
e f f l u e n t 
(ml) 
40 
40 
40 
30 
30 
50 
40 
40 
30 
40 
40 
30 
50 
50 
40 
40 , 
40 
50 
40 
40 
40 
50 
40 
40 
Eluent 
used 
0.001M HNO^  
0,01M HNO^  
0.05M HNOj 
I.OM HNOj 
H2O 
0,01M HNO3 
0.05M HNOj 
1.0M HNO3 
HgO 
O.OIM HNO5 
0.05M HNO3 
1.0M HNO^  
HgO 
0.01M HNOj 
0.05M HNOj 
I.OM HNO3 
HgO 
O.OIM HNO^ 
0,05M HNOj 
1.0M HNO^ 
HgO 
0.01M HNO^ 
0.05M HKO3 
1.QM HKO, 
TABLE 6 (Contd.) 
No. 
7 
8 
9 
10 
11 
S e p a r a t i o n 
achieved 
Tb^* 
Mg2* 
Ca2^ 
Ax3* 
Pb^* 
Zr''* 
Sr^* 
Al2* 
Amount 
loaded 
181 
280 
190 
177 
23 
24 
190 
64 
40 
24 
190 
64 
86 
24 
190 
64 
115 
24 
190 
64 
% of metal 
Ions e lu ted 
100 
99 
97 
93 
96 
100 
96 
97 
98 
100 
96 
95 
98 
100 
96 
97 
98 
96 
96 
95 
Volume of 
e f f l u e n t 
(na) 
40 
50 
40 
40 
40 
40 
40 
50 
40 
40 
40 
50 
40 
40 
40 
50 
40 
40 
40 
50 
Eluen t 
used 
«2° 
0.01M HNO^  
0.05M HNO^  
I.OM HNO^ 
H^ O 
0.01M HNO^  
0.05M HNOj 
I.OM HNO^  
H2O 
0,01M HlWj 
0,05M HM)^  
I.OM HNO^  
H2O 
O.OIM lINOj 
0,05M HNO^  
1„0M HNOj 
H2O 
O.OIM HNO^  
0.05M HNO^  
1 .C»! HNO, 
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